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%60" N is tb tiff*0 Or W, ~i Osf the soil *a 04 a

&-A o I t* sm di0ty. The oLamic "doec- Figure 2. Peak stroe from esploelosa
ity also prertde a relatioeshp between distance to vert soil typo.
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fools anid parti t a I",ILV pul.q 4., he b

chtitartertood by eatpum.rt lai like tibe Milbiotilot
that do,a V ratdi 4YIn pl-.I tud. a4 bra, do. a n
thev propagate oittward from the eoplooAovi The

otaractaristic tim lot two*. tiame hipto- ec can
b. mwae704 lIn &frivol time itt the no e

W" f

R to the. distor~e iCos the explosaion A' V I

the .cismic t'r Propaation voetcity. I pLa,IN
theire wav; J~s rise oherply to the p ak v.th ICI
the rkae tisa, Lrf I .

I I t ~ t
r trt1 r, int Ihe "i prolpu. troll, V to the

reAl particle t.It''as, lc ) , Ao 1% 1:1a P'.ak
thili , aLOIL 1110 of the travel time ' ther- a-t Palttort Jj)* , ii. tla peak diPPIA-
ia. Int. rroin the peak, the pulise do, y rocno- ASnt (f. I, 1, 1- t 1 11,u toa 1,10~e pI-~

t, %. k.h vith tim to ,iaarly arto in a I the me.- eflc!tt ilb-mv, .t7), , is t he a. I P-,

LI %, I titwo giveni by the folI"vills a..1 t I no vo 10, 117ty fI ai.,~ , a t1V Xouot 1, loved-
et~z (paI'/ae~. It Is the Jtntan # to the am-

itt I* El it). V .a t%%: %t~ .tight Uh1 , and I
P~)-r0t 0 La t the .. ligft t.r fol near BU, act du!'na-

o I ~to~ns . I or pro lI&InAr.. doa I on o.ne IIa* rA n ti Ihr
- t/t fo lovn..g t AU 10 agat~ 0 Io& # a 0 tf o .h

VIC) - V (I - t 't a a t 0 ( 10 o Sol, aclm eIty. A, .0 ~I , Iclpedavl - n.I t t.~a
a t ion < ( f(I , Ii"t a :

A*I a PWt is the atreas V is the rAttici. Sl%" L lWTtt IiXNi V.*I4-,V

v.1 -city, and a i a r are Lium conatt n~s.
hitthe ikm. , natstkts genrally vary -iLIh ap*- ,ai y

cii C Site omfGiofl, tnoy &a -.: -04,k .C

(at maoat applicatiorill. P, cadW are valueca M a~ I-.. a.
the peak atica and particle veioclt' to be detet- 41 SA4 end
IO il by the followia4 toqiaaioea, Other Wasnetort b-'otill
p-mateta Such as LOOMIS*. displacement .d ac- P-6 MW. .1
co.aratiom AY " le rived (roe those functi~ons. it-lI rolati"v

late the charctrittl Lima I. imvoeo.ey Aokt
pt, -ortioecI tv celsi.c velocity, onplotaio ali
hL.I loct sa0ILYmdia cich Ua &GtUrated Clay Will 14111 e"La rera
pit Wae vary olbort, high trency pulses ilt
'141l tccolleratICOa WA low dieplacaeante Ons the

. et %.ad, 4atocatioam Lek dry locos waterica tit &*a) IIXoI 4

Vi' I Cause. such lovier duration, low~ frequainy Clays We.. Wce40

Peak particle velocliy end peak Aitra or. uS& ai -#Fout.li-
routed by te ret

(law* eel 'lav

P cc V (4) mi e

Wtto Iat the mas doetsaty. Free-field A a-ire detailed Jacrtics~ to provided If,
utresee end grouad footiled frost 60"s detoeatife Table 1 for *oil* eoco,&atoree to explostioc Lest PtO-

00 ad vitLa bArtar layers or in the oll along gr. Simple coil "iroseetere *sich as vat axed ury

aid. the etructure are givea to the folloviog unit voijbts, air fiIleds -Ow ed A eismic velcity
slo, as iOVA: are obmii to asist ,relat 104 the oloploalon



sifecti paramerers to the design joil conditlons. fecto concep used here does not produce an 2quiv-
Note that the &ttenna~ion creffictent Lnd sels- alsut charMe but rather, it is a scale factor to
mic velocity are closely relatfe to dry unit reduce the ground shrok -- uted from a buried
weght for granrular soils hilc air void con- buret vith the full charge w@4ht to account for
tent ie Important for cohesi e soils. thr shallow burial.

Coupling factors are different for bursts
GftOUKI SHOCK COJPLjM FACTOR in air, soil and concrete and depend upon the

sealed depth of burst of the weapon. These fac-
The mhpitude of the ettess and grounj mo- tors ere shown in Figure 3. The coupling factor

tions will be greatly enhancei as the weapon for air ia a constant
penetrates ooze deeply into the soil or the pro-
tective burster layer vefore it detonates. A
concept of an equivalent affect couplnag factor f - 0.14
In iatroduced to a.count for this effect on the
grouad shock pacameters ad is definee as follows:

and is recomended for zontact bursts.
The c,,upling f-ctor, f , Is defined as In the case where a wapon penetrates Into
the ratio of the $rc'md shock magnitude more than one ateriel, i.e., a long bomb that
from partcll), to shallov buried weapon penetrates the concrete slab and is partly buried
to the groune shock magnitude from a in soil, the coupling factor is computed as the
fully hu led burst in the same edium, sun of the coupling factors In each of the sate-

rials weighted in proportion to the charge weight
f . (P. V d' a nearsurface contained within each medium.

V, 11,d, 1, contained

A LInlA, courl'n factor is apritcable for all f " f(-W- (6)
ground shock paramerers that depends upon the
depth of hbtrial of the center of the weapon and
the modium beI,4 penetrated, i.e., soil, concrete where f is the total coupling factor, f is the
or air. It Is Important to note that the coupling coupling factor for each component materieL, i.e.,

1.0

0.0 -S

I o

-03 0 0.2 0O4 0.6 0.6 1.0 1.3 1.4

V.AL WYM OF U S, IIW' hu

1 Figure 3. Ground shock coupling factcr as a function of scaled
depth of turst for air, soil and concrete
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air, soil, concrete, Wi is the weight of the 2. D. C. Sachs and L. M. Swift, "Small Explosion

charge in contact with each component material, Tests-Project NDLE," AnSP-291, Stankcrd Itnearch

amn W is the total charge weight. Since oet Institute, Stanford, CA, December 1955'.

bombs are cylindrical, the coupling can also be
dafioed as 3. R. B. Vaile, Jr., "Underground tplosion Tests

at Dugway," Stanford Research Institute, Stanfoid,
CA, March 1952.f = '_ f(7)

4. W. R. Perrot, at al, "Project Scooter," TI>-
4500, Sandia l.aboratory, Albuquerque, W1, October

where is the length of the weapon in contact 1963.
with eac material and L is the total apos
length. 5. P. R. .intainger, "Air Vent Phase I - Earth

Particle Notion," SC-Ri-64-549, Sandia Laboratory,
DISCUSSION AMU CONCLUSIONS Albuquerque, HH, October 1964.

Sipirica8l expressions were derived from a 6. W. T. Harvey, "Preliminary Results Rport,
fit to a large boy of ground shock data from ESSE1-1, Phase 2: Nuclear Cratering Device Simu.ia-
buried and mr-.ur 'ace bursts in soil. Several tion," WES PR-E-74-1, U. S. Army Rngi,*er Waterways
important observations were made concerning the Experiment Station, Vicksburg, MS, Aril 1974.
role of soil properties on scaling "f ground
shock: 7. A. 1. Miller, "Preliminary Results Report,

ESSEX-l, Phase 2: Nuclear Cratering Device Simula-
1. Near the explosivv source, peak parti- tion," WES PR-E-75-1, U. S. Army Engineer Waterways

cle velocities in soils tend to a single curve Exprrimant Station, Vicksbucg, MS, March 1975.
that is nearly independent of the soil proper-
ties. TVis observation can be explained in part 8. J. X. Ingram, "CENSE ftplosion Tests Program -

by the interaction of the detonation wave in tho CIRSE 2, Explosions in Soil," TR N-77-6, U. S. Amy
explosive with the soil. Engineer Waterways Experiment Station, Vickmburg,

:S, Decmber 1977.
2. Peak stresses scale in proportion to

the seismic velocity. 9. J. D. Day and C. E. Joachim," Cable Vulnerabil-
ity Study," MP SL-81-19, U. S. Army Engineer Water-

3. Attenuation of the peak ground shock ways Experiment Station, Vicksburg, ME, Augu t

magnitudes is strongly dependent on the role- 1981.
tive density in granular soils or to the air
void volum in cohesive soils. Because the seis- 10. C. E. Joachim and L. K. Davis, "froject MBCE -
sic velocity is also influenced by these paran- Muitions/Bare Charge Equivalence in Soils,"
store, the attenuation coefficient, n . can be TR SL-81- (Draft), U. S. Army Engineer Waterways
estimated frim the seismic velocity as Experlmont Station, Vicksburg, MS.

c(fpa) n 11. W. R. Perrot and R. C. Ea&, "Frea-Field
Ground Notion Induced by Underground Lrplosioes,"

500-600 3-3.5 SAND 74-0252, Sandia Laboratories, Albuquerque,
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1000-1400 2.75
1400-1600 2.5 12. 3. L. Drake, "Ground Shock Threat to Buried

>5000 1.5-2.25 Structures from Conventional Weapons," presented
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time of about 1/10 of the travel time and a dura- Burie. Structures for Conventional Bobs," 100th
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tures, Ma~nbein, Germany, 14-.16 Novder 1978.i

S. Because of the tim scalink, peak accl- 
i

eratioma are proportional to the seismic veloc- 14. J. W. Brown, et al, "Plopagation of plosive
ity, peak displapements are inversely proportional Shock Through Rubble Screens," NP SL-90-7, U. S.
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Z £KE'CES 15. Josef Henrych, "The Dynamics of Exlosion and
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1ABL I SOIL PROPUTIS FROM EZPLOSION TESTS

Dry Unit Total Unit

Wegh eih Seismic Acoustic
Weight weight Air-Filled Velocity Impedance Attenuttion

Ydry 'yVoids, c Dc Coefficient

Soil Description lb/ft 3  lb/ft 3  Vod f~C PCl/ Coeffcien

Dry desert alluvium and plays, 87 93-100 >25 2l00-4200(1) 60 3-3.25
partially cemented

Loose, dry, poorly graded sand 80 90 >30 600 11.6 3-3.5

Loose vet poo ly graded esand- 97 116 10 500-600 12.5-1. 3
free &tanning water

Dense dry sand, poorly graded 99 104 32 900-1300 25 2.5-2.75

Dense wet sand, poorly graded- 108 124 9 1000 22 2.75
free standing water

Very dens dry sand, relative 105 109 30 1600 44 2.5
density a1002

Silty-clay, vet 95-100 120-125 9 700-900 18-25 2.75-3

Moist lomess, clayey sand 100 122 5-10 1000 28 2.75-3

Wet sandy clay, above water 95 120-125 4 1800 48 2.5
table

'Saturated' sand-below water -- -1-4 (2) 4900 125 2.25-2.5
table in marsh

'Saturated' sandy clay, below 78-100 110-124 1-2 5000-6000 130 2-2.1'
water talle

'Saturated' sandy clay, below 100 125 <1 5000-600 130-180 1.5
veter table

Saturated stiff clay saturated - 120-130 0 >5000 135 1.5
clay-shale

(1) aiJh because of centation.(2) Estimated.

6



AL.Floreyr.e, D. D. Keough, and P. Mak

SRI Intzrational, Menlo Park, California 94025

AISTRACT Wave Fromr

rplsio- nduedstress moes in rocks
and so is are frequently masured by flatpack TuHf
stress gage& grouted in boreholeo. The stress

Stres GaP

stresses if the grout forms on inclusion be-
cause of a aismatch of material properties or----
inad~-~uate bonding with the medium. Calcule- -- --tional results are presented for a tuff odim Q -
to illustrate inclusion effects in elastic and Borsholt
elastic-plastic regime. The main effect occurs Exploding
if the inclusio-medium bonding is inadequate cavity IGrout

Tunnel

JA -17932.4

FIGURE 1 IN-SITU STRESS GAGE EMPLACEMENT

INTRODUCTION

!xperimaets for investigating the vulnerability The calculational itvestigatioc is simplified
of military civil engineering structures to attack oy assmint plane strain conditions, by confining
lorde applied through the ground involve measuring attention to tne two extrem cases of >erfact bond-
stresses in rock and soil. Stress Sale signals are inS (no slip) and no bonding (no shear transfer),
often difficult to interpret because the gages and betwieen the grout and the rock, end by considering
thet immdiate surroundings disturbed by gage in- proportional static coniressional loading, uhich
stallation perturb the free-field stresses to he prevents bond separation. Illustrative results
measured. based on a rock-matching grout (designated 2C4) in-

-lusion in Nevada Test Site (lIES) tuff ire presented.
This paper treats the influence of the Sgae

installtion procedure on the free-field stresses.
For installation in rock, the procedure is to drill M&LTKNIAL MOEL
from a tunnal, cavity, or grourd surface, insert - -

the gage, and pack the bcrebole with iock-satching To show how a gage installation procedure can
grout, as Illustrated in Figure 1. Because it in make stress measurmnt difficult, calculations are
1"ossibie to notch all the properties of the rock performed for a borehole in IITS tuft filled with
in the neighborhood of the gage and to esure per- ZCA Igrot, as shown in Figure 1. Figures 2 and 3
fact bonding with the rock, the grout-f illad bare- show the tuff a&M grout strength properties. A
hole form a cylindricel inclusion, so the gage is stroll tuff is intentionally chose to magnify the
in general not subjected to the sam stresses as effects of poorly mtched properties. Both the
the far field. To interpret thase stress gage grout and the tuff are modeled as lWhr-Couloob a-
signals, oce mst determine the reistianship bet- terial with the properties lieted in TCable 1.
wen the inclusion and modius stress fields. The
influence on the stresses of the Sga, which is
itself ein inclusion, is sot treated here; that In-
vestigektion will he the subject of a future publi-
cation.
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- / MATERIAL PR TIU

0O.5 -T UF y

02. 03 03osy 111111w No&" Raft A%%s Cal oln...

)# *(del) C (w)
tTIMG =2C4 , /W 1'66 1O 1 032 6.34 24Sx i

LL 0.2 1.9 1m(03 .4 2 24

~0,1 -- -~ The FINITE ZEDIT )MDELso

Cr 0 -

0 1 23 4 Tespherical wave. engulfing the boreholean
CONFINING PRESSURE, 03 (kbo) ag t appoimated by a quasi-static biaxial

JA1*2 stross-plane strain state. as show, In Figure 4.

F:GUAE 2 UNIAXIAL STRAIN RESPONSE W~ RUCK-MATCHING
GROUT AMG 2C4 AND NEVADA ITST SITE TUFF: -y - Dy PRD

STRESS DIFFERENCE VERSUS CONFINING PRESSURE II I

4
- r-

--o xPx -xP

3 - Ieau

01I

RMG 2C4 /TUFF I T ! I I
o 4

* 4 FIGURE 4 CIRCULAR INCLUSION UNDER BIAXIAL STRESS
.j AND PLANE STRAIN
4I,

o For pulses with rise time longer than several
/ / inclusion diameter transit times and where densities

/ / of different materials match each other, a quasi-/ - static analyseo gives reasonable estimates of the
dynamic response. As a further simplification,

/ proportional loading io assued. The ratio between
free-fild stresses is chosen s: a /a7 a 4 to avoid

/ creating tensile stresses across tLa Inclusion-
/ aeodlim Interface. Figure 5 shom the two gage loca-

0 tions for measuring the free-field stress components
0 1 2 3 4 6 a 7 ax - Peand y- -p/4 (p )0). Because of symmetry,

VOLUME STRAIN, AV/V (paront) onl the first quadrant needs to be modelled.
Stresses Oi end 17y are calculated in the inclusion

'~'~ alcia the radii on the y end x axes. respectively.
mae Inclusion offet of the gape Itself is not con-

FIGURE 3 UNIAXIAL STRAIN RESPONSE OF ROCK-MATCHING aidered am' these calculated stresses are taken to
GROUT RMG 2C4 AND NEVADA TEST SITE TUFF: be the Stresses acting on the gage for comarison
MEAN NCRMAL STRESS VERSUS VOLUME STRAIN with the uifiorm free-field stress.



Two inclusion-edium Interface conditiona art
y inoutigated. Thea" conditions ar. perfectly boed-

ad and free-aliding, and they provide bounds on the
real s. lution behavior. The bonded' intoerface crane-

coloulatones fae both comressivo and ahearing load*. The fre*-
Cap Requwe In One silting Interface transfers coereaaive loads only.

Location fo Quadrant Only -.

Measuring p. The perfectly bonded interface requires no
special modeling technique because the usual finite
element nodomat comettivity describe& this
condition.

or x _PThe froe-sliding interface is modeled by a thin
ring of two-dimensional Nobr-Coulmb quadrilateral
elemnts to transfer camenselve load. Tbe elements
are weak in @hear to eliminate transfer of aheariag

Ga lso n lnwmstress. noe thickzunes of the ring is 52 of the in-
Locaton 2kw B=Onod Wclusion radius. Young'l modulus and ftiason'a ratio

Meaurng p Modiumn (tt) Ub of the ring material art the same as the averaes of
Y JA317%3-IV the surrounding material. fmerical tests Indicate

.hA~'~It~ that coheion and friction angle values of 10 psi

FIGUE B AGEL0CAI~q~ INSOREOLEand 0.1' are satisfactory for the tuff-2C4 grout

NUMcERICAI. RESULTS

The anaRlysis was performed with the finite Stress distributions along the gage locations
element code NWNAP. The finite element grid ex- for three cases of en inclusion In tuff are calcu-
tended to 10 time the radius of the inclusion, as lated. They are
shown in Pigure 6. Your node plans-strain quadri-
lateral elements were used. 1) a perfectly bonded grout inclusion,

2) a perfectly unbooded tuff inclusion, and
3) a perfectly unbonded grout inclusion.

The first cas ilustrates the effect of sis-
matched material properties; the second came illua-
trates the effect of an unbonded interface and the
third case combines both effects.

In each came, calculations were made for thre
or four free-field strss levels, the lowest value
in each cam providing an entirely elastic respoose

Case 1. Boded Grout Inclusion. Figure 7
shos uniform at distributions along the x and
y &"ea of the grout inclusion for free-field can-
prosive stressof p- 4, S.and 6 kiwith p -
px/4. The caculated stresees at the gage locaion
are ax and a . A gage located on the y axis would
measure the x coonent of free-field stroes eiatly
if C Xp1 * -1. When PX - 4 Ital, this ratio is ft/PX
-1.11. so the Ongewould read 112 high. A h is

increased, the rewadinse be-9 mre accurate. A
gage located on the x axis would masure the y cam-
pomet of free-field stressma xatly if U, .-- 1When p1 - 4 kai, this ratio is o7 / 1  .. , o he

L gagp vuld read 621 low. Wb p1 - P1ai, the gag.
would read 92 high and ubon p, - 6 kal, the gageo

------- would read 361 high. The stresa ratio trn Is to
Medium incres further because the stress compame are

In~riect confined to the yield surface. The uimtch of prop-
~~ parties in this eaple allows a reasonbly accurata

ms-eent of N~. the larger conet of free-
~IGUE 6 F9NTI LEMNT NIDfield stress. The es Is true for measurenmt of



the smllet coopoost under elastic @*' Peash pla-
tic deforsatLeas. Anm the leading increases to pro-

duelarger plastic defousations, masuremnt of p7
beco# Icresingly inaccurate.

-2.0 -.5 -14 -0.5

--2.0 -1.5 -1.0 

-2.0~~ -1. -1, -0.S 0 -

op., -- p 47 -1.5

-22.0

p B i -15 FIGURE GAGE STRESS FOR TUOUT INCLUSIO WITH SODD fedLIPsp t osbe u auanto h
INEFAE 1*g#L IIEAE EmAileE 2refedsrs ont

Cas 2./ -2.0d ufI~ito Fgr

&IGUR* GAGE STREsS FitibtoR R onT theUIO mm andO~ fyl tesp spsil u esr~t h

ame of an unboaded tuff Inclusion for free-f ld
cospressiws streame of p1 - 5, 7, sand 8 kel, with

skasurs the free-field stresses etly if O,/JP%
MW a s/Pz are unity. The effect of an inclukioci
sdium interface that does mot transfer aer stress
is to product nonuniform stress distributions. Who
px - 5 kal the tuff reapote Is elastic an the
stress distributions *bmw (full liii.) are para-
bolic. At the center of the iclusion, the x and y
stress compnents aye 152 higher wid 612 lower, rom-
pectively, then their free-field counterparts. In- ___________

creasin the free-field loodir.a "o h to cause -. 0 -1I5 -1.0 -05 0
Yielding In the inclusion, flattens the stress dis- *,
tribution at the center. Approximate sasaesnt
of the larger freer-field stress. p,, io possible If-a
the gage does mot occupy too such of the Inclusion
diameter. ksauremt of the Meluer freer-field -.

stress, p., am only he regarded asaroughbeetimata, - p -11/.0

sthe al es Ac dependhus a~ misie srs o .----- pit 4kg

of as unboeded grout inclusion for far-field com- Pa
fressiwe stresses of pz - 1-112. 4, 5, and 6 MI,
with p., pP. This combie the effectsiot the
,IMatukia of'propeties of the first case am the
lack of bo"Img of the second case. The nabn coa- FIGURE 9 CAWE STRESS FOPR GROUT INCLUION MITN UP
clusim is that the bonding affect doamiatee so. as MUlRFACK. EXAMPLE3
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&e*W an the omerical 4e.les treating a
grouat ibcluioa in W11 tuft, we coftlmd# thati

0 A mismatch Of the incluaice and udium
properties rotaiu a muniora, strflk
distribution alms the 1104 locations.
Aa loading iscreMO the uae9rmt Of
the larger free-field $trees become
mrs accurat* while the masurmuast of
the mullet free-field srisa become
less accurate. MeI occuars because the
smaller stress comeat LA the grout
betma r&4&"~n to the larger stress
Capomt tkrough the Yield to~idtlk

* LAck of interface bondin produces mon-
unif or. struss distributiose a long the
stress age location. A Increaseod
loadi*g cuwees incresed plastic flow
ilk the inclusion the strss distrihu.
tioca becm wer mlors i touch a
vay that the larger free-field Wtagea
Is maurable but the mallar f.-s
field mtreasa In not mauumrabe. This -

occurs becaus, the muller utres tomr-
poesat in the grout becomeu reluted to
the larger stress IM-t throwigh the
yield comition.

I
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Peter 3. Wastimte

carati J. prieseehehe

Southwest peatch Institute

San Antonio, Teas

USIIIAC? wihere P a muawm presture (P/t3

Fr*e-f told gror~d *hock pr~osursa at variogadnii. si 7 3 L
dieteacee free the buried detoaatieft of U10h- C - used of sound isn il (LIT)
easploolve charges. mortar am artillery r *o m atoit CG
and large boms. hae been mesured by Southweet
Planarth thetitute end i"dependently by Wterways
"3eent Itation pereomme1. This paper proesto T - depth of point below C.0. of ordainte
anemirical solution capable of predicting these(L

proesuree is unsaturted salle. Ins aturated soils.eegyrlas fnuleve(t
a very different energy dissipation procees ocenW -mr ees fepoie(L
which to predicted by sodiflbja a hydrodynmic a of effecives 9111t r4011s which eCCOMMts
soltin. and coern it to tet an bomb In e ff or denle jeomatry and orientation
matUrkted Moils. (1)

lNTROVCTI0U All ratios to Uquatiom (1) orre mosdismiel
which uses& that pre-lictioa ram be maim umima eel

Us have been developing a general solution for self-caoaiteot set of metric or Raglish units. The
predicting around shock pressures and impulase. quantity left accoutte for bm length a ad Ofien-

Imarted to shlters from the detonation oC buried tation 1. Trhis quantity I.5 ff is a ftint approMlas-
ordeance. %fortunately. 411 the results cannot be tion to whure a= equivalent point source of the
ohmW in this short piper; hoever, o"aspect, eaw energy relsee soidbe located so that ths
Stated in detail. Those viahing #ddtiooel details 'Aed Mervy in a line soarte of finite length to
ca refer to reference (1). in the equiweleat point source. Raf to given by,

Our *Glution s develope omiag o Its
techaiques and test results from e large C"Wtu- '1/3

tmof ground sbock preeware dara. Dader mest a N-
coaditione. a lot-linear curve fit ram be Aed to off ------ ~r- 2
predict pressures over four orders of magaituds In W5 W.
vie.a Mheoaeneptive to the meral eclatimI ""
artise va soils are seturated. Tben, a madifierd
hjyr4iod wmsic solution works. Is this paper. ws will Wbre H - (1R/&)I+WI) 2 +(Y/I)l/6
present the gameral oolution. car results to
moa edprossures, ohm that probame cas arise N - Cf /tcos WI(UIn I

sodderve he ad~ te h~odeint eh*Wiomoed I - borisontal distance of location in verti-

GWAAL SOLUTION eel plame thro the bomb (L)
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An empirical equation for predicting free-
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~>\ NM4 VELOCITY PE~rTRATION INTO FIUIM-RCINFORCED
CONCIFTE MATEMIALS -PROTECTION 01 BUILDINGS

William F, Ard.'son, Alan J, Watson. rout j, Armstrong

Department of Civil end Structural EngIneering
/ Univerity of Sheffield. U.

Aa.Im~cIMasoiated With dynmsic loding of concrete (I, v
In genieral. fibres act to Incree the touqhneea

-Lbrve reinforced concrete &Iti~ble for spear- of the c~mmioeite material by inprovinq the tons.%-*
Ing onto *misting str-octqaros to beinyj quasirod to properti )f nominal cocerte, eboorbingq the street

acanna ts remittance to funetration by 762 oave efir~y by eitteor puiii~ng out of the bltria or
amtr arir piercing proja-ctilts. A major teat perhapsa by neckinq Ad braAIng, depending \#*fon the
togrcam in twirq carried out to enmir.o the 0harACteriatICSato the MrtILIC~mAr fibre.
fluence of aggregate type and fibre type. ror

- ch aggr~etibre, c Uiknation a statistical Many different ty'pe of fibre are alba
r-athod is being usou to plan trot series whichI will coewrcially. the pmroertie. of the fibre rein-
lead to optiiaetlon of the concrete in teous of farted t.incrt. boinq dependent not only unth
.cter/comnt ratio. fibre content and egreqete/ standard concrete wariables su~ch a. aggregate ties
40Atrtio Ve0hiu bytcho o ptialac an typebutqlaooo/the y ratioc"ect r r/c*an

emn rati Tet pslni tin b th e o jetie raio tyte, o aneqte ty*mn t ratio and trcmn

are being studieJ end a possible, method of deflect- Lb. effects of these variables en~d to opttia*s the
Ing the projectile within the concrete I* augeated fbra reinforced cofcre to to elniaso penetration

7A by 7. 62M MA1CI arsous piorrinq bullets twacting at
AP-,xamatey rn v/a, Attawto are beina r.642 to

110MCKXTIONexaman the lachealca of impact and penetration. so
as to un(ert..ad the failure modes of the fibre

tMrirng the co:uroo of its useful life, a nedyft;iei"

structure, pattic%%larly a military one, may be VPARISCONDOI
s* ctod to attack frm small arma fire, or

exploinonhg-irstlstteuloee rve ity be In ore to fully utillee the AaaPtailty

conaruced f-osL~.e re~stat mtarlla.and of the optaotm Matmriel. It wes f*lt that a
ctr cat fro imactl reisant~ mterpiatectand cancret* suitable for a1pra~ed applicatic 3o hauld

the apailiy t raidl Aprai U~ prtecion be deve.oped. since this wouald be equally usefulaffordad by an ealatijia stuacture would be advent- for new construction ma4 also for q..IL~ly rain-
a~m.Any ofct Impact resistant materiel 0nJ:t be forcing *misting strukcturoo.

able to contain several different facets of the
impact event. It muat be able to resist per'or- g!"e
ation true the pro)etLIe, it islt be of
eutficlent thickness to resict tocnaile s1v!ta t ensure emay applicatIon by either the
from the back face and it miat also be coheosive '"at or *dry' apaying procee., and to allow a
*troo&,h Wo prevent "IlII" material flying from the smnborbr it~to hoshteuti
fiont face, both because t).)* mAterial may be rConre be Soiey t)riocedtion h of ah matlaa
dangerous Ln Itself ad aleo because, it leads to a conret Soietyf10n a (b~ aeoa datoptoead. x
local weahening wtich may than be breached by reaoamol t enaped
repeted aopact Tests on rock &"eqgto/eleatomer compoite*

Concrete has a reasonable resietance W subjected to Imaect by projectilea *talar to
prjetie entrtin,& to ItA relat'ively those uamd in this study showed that resistance

pro jc~il in~~LI~iOIto peatatto wee a ftacro"m of Lb. rock aggregato
homogneous and massive Properties. so far as the hardne" (4) . in order to examire the effect of
front oan rear face damage io concerned, however,

the ow aneia srengh o an rdiary oncete aggcregate hari as on the rentretion re8iatanct
the ow ensie srangh o an rdiary onc~t* of fibre reinforced concrete, cr-ushod baealt

matrix ensoures that a large a=3%nt of material 1* (rolatively hard) aod cruehad limestone (relatively
ejected from the alab faces with a velocity high softt were chosen as aggregaoe. T'he shape of the
enough to be potentially dangerous. Inoorporar-ion aggregate particles has an affect on the concreto
of fix~rei into the concrete matrix haeen shw bond also, and thie an the howageateity of the
to considerably reduace the scabbing end spelling



copoit. ine hecrushed rock aggregates are as described by Anderson at al (4) v.'iv :ma used to
incvde inthestudy to gi~te a comarison.

aqqreqate/cement ratio* vary from 1:3.0 to 1:5.0 SMRCU5N PRKPARATXC2
in h statistically based test plans,

in a full scale structure, the fibre-
Fibres reinforced concrete would be applied over a large

area, hence it was coni~odered vital that local end
Since it is impractical to include all the global effects were .eparated in the laboratory

conuwrcially available fibre types in an experi- tests, only local effects being considered
mental series, var'ous constraints had to be used ia. portant. For this reason slabs of various l,
to select the materials to be tested. on grounds dimensions wete tested, using a typical steel
of health and/or durability, vegetable, asbestos fibre reinforced concrete mix to determine the
and glass fibre materials wure rejected, whilst minimum target area required to ens':re that gross
carbon fibre was rejected because it wan cor'siderad cracking did not occur in most cases. In conjunction
that the likely high fibre content required for th. with these tests, slabs of various thicknesses were
intended purpose would render Lhe unit cost of the tested in order to obtain a vtlL'e at which perfor-
fibrous composite too high to be viable. Finally ation was unlikely to occur in most cases. As a
three types of steel fibre, one type of poly- result of these tests, a standard specimen size
propylene fibre end two lengths of the organic of 450 x 450 x 125=. was defined.
polyiamide fibre, XEVLA2I 29, were chosen for detail-
ed examination. Where appropriate, a length: Since one Ane so of this material is to be
diarueter ratio of 100 was selected to give a a capability to rapidly upgrade the potential
composite which could r~annnably be mnixed in both resistance of a existing structure, a major
a field and laboratory situation, consideration is that age to gain sufficient

strength to resist attack must be minimised.
Cement Matrix Without using fine-ground cements and/or concrete

admixturee. the extent to which the comissioning
in order to ensumre tat the optiumx fibx-it time say be reduced is linitedy however it was

reinforced concrete can havn univareal appli-ation, felt that en age-to-test of throo days representad
Ordinary Portland Cement is Laing us--, and it was a reasonable compromi'se.
initially assumed that the type oi fine aggregate
used would be unimportant. A ranve of water/ All mix designs were developed assmuing
cemsent ratios between 0.35 to 0.50 by weight is completely dry aggregagee. 3ince it is not
rec-mmended by the Conctet Society (3), for possible to justify this assimption with avail-
ordinary sprayed concrete. However, due to the able material, a moisture content calculation,
appare.)t &oczease in workability caused by the using a standard siphon-can teat (13ritish Standard
incluhion of large volume& of reinforcing fibre, 812 (7)) is carried out on each aggrogate
a range between 0.35 to 0.70 was selected for the imediately prior to casting. The percentage
main st.~tiatical series, moisture content by dry aggregate mass is

calculated, this contribution being allowed for by
OPTIMtIZATION3 OF TUR VARIAflIES an increase in aggregate weight and a decrease in

weight of water in the final mix designs.
For each combination of fibre type (six

varieties) and aggregate type (three va;:ieties) it All mixing is cariied out in a horizontal
is necessary to optimise the water/cement ratio, rotating pan mixr: the concete constituents are
aggregate /cesont ratio end fibre content. To give charged in a standard order, thi~t is, fine and
a reasonable range of these last three variables coarse aggregates mixed together before the cement
it wasn decideS that specimens shculd be prepared and water are simultaneously added to the mix.
with five levels of each variable. This gives For all the various fibre types it was found that

S(-125) poes'ihle, combinations for etach the optimin fibre distrlhuticei was established by
particular fibre end aggregate. Since it would adding the fibre to the already amed concrete
be unacceptable to test all of these cosbinations matrix. This ensures a minisaum of 'balling' of
I& total of 2,250 taste) a statistical method the discrete fibre lengths. In the case of both

known as surface response theory has been used to the etaol and polypropylene fibres, sufficient
plan a progras Details of this method have been separation can be achieved by shakcing the fibres
given by Cochran and Cox (5). For each of the slowly into the surface of the rotating matrix,
eighteen fibre/aggregate cominations a rotatable through a large mesh. A more rigorous and time-
da.ugn utilising 14 exstrems coinatoce saud 6 consaing process is necossary to persuzade the

s c oninations of the mix -s..ign parameters is very fine (121im) flVLARX-29 single filaments to
used to Indicata the comination of mix deltign iqiatate to an acceptable degree. The procedure
paraeters which will be most effective in -. lucing adopted Is to initially separate the matted fibre
projectile penetration. The. response surfer., by hand to reduce it to reasonably small conglomp-
derived from the actual test resultm my -- t eratJ one. It is then pamussatically Injected
indica,.e an optimm mix within its (star-shaped) directly onto the surface of the rotating concrete
boundaries. ThIsU thre optiUM mix design ma7 be eo as to further encourage it to separate. 'The
indicated as not part of the actually tasted more open mat cam thus be worked into the concrete
range. in this came a "corndr filling" technique by t actton of the mixer peddles. Whilst this
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= adh~ does not ensure a complete 3*, iration of allI of success. In order to offmet thij, a rotating
the fibre cunglomerat4ons it doe~s give a composite prism carera, capable of 4 to 20,00 frames per
six of reasonably uniform appearance, becoming second is also being uWO, though tis is not
loes acceptable towards the *nximum fibre volumes capable of the same amount .)f dota~l.
thich can be incorporated. In a field situation
it would perhaps be more viable to use a trchnique various types of detecto: to masure crack
in which the sprayed concrete posses through a velocity, spell characteristics, stress wave
pneumatical ly held curtain of fibre, though the propigation and projectile retardation through t. e
practical problems of this kind of approach have tn :get are also under development.
not yet been fully considered.

POS'r TEST ANALYSIS
All epecimens qe de-moided aftor one day

and stored in a standard high humidity room Damnage to an impacted targ,-t consists of
(20 ± 1

0
C.904 + R.h.) until immediately prior to front face spell damage, a burrow and possibly

testin'7. back face scab damage. Spelling and scabbing
result in craters being formed, the extont of

TEST ITCHIdQUE da~ge may then be quarntifieiA in terms of the
dimensions of those, depressions. With fibzo

After curing speo:imens alre rigidly fixed in inclusions a lot of damage(' material remaans
a target from* offering firm edge support to the loosely attached to the target. This is removed
back faei of the specimen, with the 4S0m square to expose the true craer whose depth at varioue
cast face pointing tuwards the projectile firing grid points can be found using a specially
equipment. constructed r17 with depth gau7,. connected to a

displacement transdicer which in turn is connected
The projectiles are fired remotely in en via an analogue/digital converter to a micro-

enclosed 2Um long firing range. A 7.6= diameter computer. Thir automatically produces crater
rifle barrel is attached to a pressure housing profiles and calcL'lates crater volumes. i>-taila
incorporating a breech, firing pin, bolt and henvi been given by Andersoni et a. (6).
trigger methanism with safety catch. The pressure
housing is itself rigidly attached to n steel Preliminary tests in which target perfor-
fram which in turn is bolted to the range floor. ation occurred showed that the projectile exit
The trigger mech.nim in connected by a detachable inole vas rarely _'n line with the initial impact
linkege rod to an 11.4kg pullout, lam stro~ke hole. Deviation of the projectile from its
length mains solenoid. For safety reasons the original flight path must have takftn place within
solenloid is activated remotely using a firi.,g bix the target. Since to assess the resistance of the
fitted with an ermaing key and off-biiased switch. p,articulear specimen it is necessary tn measure the
Connection wires are coaxial and a capacitor is penetrathon path length, a 150= diameter corn io.
used across the Ritch to reduce electrical inter- takan perpendicular to the target frcnt fae and
ference with ancillary equipment. containing the damged section of the sample. If

the slab has not been perforated, thin slices are
mullet velocities are enitored using sawl from the rear foice of the tire, and pnrallel

photodiode-b-ised trigger circuixs tc start and to it, until the hardened steel tip of the
stop an electronic timer. Usuall;'. two stations projectile in encountered. Using both this point
aro used, placed close to the trgct and one and the antren-A position of the projectile, a
metre apart, although the option of u:'ing three, most probable path mal, mv- be estimated tio allow
stations, both co give a velocity chadi and 'ilso theo oore to LA actioned, thus exposing the
to calculate deceleration, as avelelblo. The burrow forowd in the copoite.
tiwrr is triggered by a change in voltege output
experienced by the photodoide circuit when t~i* RSUWdS ANDI COMMENT
bullet pases between a focuaae light source
:,-d the light-sensitive photodioda. x 70-Bot T'iie e.erimtntal programm is still in
tucciss rate is normally achievod with this progress and very few staetisticil series have been

equirment, failure being due usually to external. completed, thpae serving only to etablish the
irktarzbrence causing premature trigge..se. arithmetica.l correctness of the microoneput,3r

based analysis. Varioae practical dif ficulties
High "pad photography is being used in an have yet to be overcome, inciling control of the

attempt to capture the detall of the) ingect event, aggregate misture contenat and a valid imethod of
Using a aarr and Stroud r'otAtIng mirror Camara, aenes*ing its contrl .ution to the concrete matrix.
capable of a fraing rate W~ to two million frams Since uaung the dry six spraying process water/
per second over 30 frames, a ei~ris of photographs oiment ratio is onstrolled by the spray gun
of the bullet in flight takes at 1.A3ia Intearfrim operator, it is importanr that a ftmdaentel
ha., been prcd'noed. The variable mAture of both undsratanding of the effect of varying wae r
the tbhullet detonation and the velocity in flighat con"Ant Is attained. It is Considered thet,
make it difficult to accurately predict the tim providing a rigarous ')ontrul of the fibre coxncreto
to i,~act of the projectile with any degree of const-tuante can be ensured, tbs surface response
prcision (relatively to tba cral a capabilities). theory approach should give an acceptable solution,
Herbce, any Attempt at photographing the bullet within the liits dictated by the natire of
in this way must carry only a limited probabilit' d1namic testing.

I



xperimental work is proceeding to establish Preliminary .anstration tests carried out
the mechanisms of failure and also to recard the on specimens prepared to determine the maximum
characteristics of the overall impact event. volume of KZILAM-29 which could be incorporated in
Exauination of a sectioned msple, after pene- the Concrete mix indicated an interesting trend.
tration, typically shown a crater uf approximately In several oases it was observed that normal
lC0-130= diameter and 30-40m depth developing penetration depth, as opposed to penetration path
into a burrow, which may be straight for the first length, was much lower than expected because of
20-3rm. However, probably at the point where the gross deviation of the projectile during pane-
copper jacket strips from the hardened steel Core, tration. This change in path seem to have
the pnetr&ation path deviates from the original occurred as the projectile travelled through
flight path (i.e. normal to the inpact face) by conglomerations of fibre within the composite.
an angle of up to approximately 900, the position Them cohglomrations of fibre were a result of
of this deviation is marked both by the presence of trying to incorporate too much fibre in the nix.
the jacket and also by a local widening of tho This )ehmvtow: suggests that the projectile may be
burrow, as shown in Plate 1. induced to deviate during penetration by in-

corpnrating a series of "relative voids" (compared
The hardened steel core may then continue to the deanity of the concret) into the composite.

along the new straight path for a distance of up First indications are that the voids need to be
to 70-BOM before Coming to rest, Plate 2. slightly smaller than the projectile length to
Alternatively the saw sort of distance may be induce instability.
travelled on a curving path, PIto 3, which may,
in extrame cases, leal to the projectile coming to Sam probWs exist with this type of
rest in a direction totally opposite to its approach however, the first being that it is
orientation on entry, Plate 4. It should be noted necessary to fully understand the mechanims
that these targets have been sectioned and the involved in the proJectile/composite interaction
full thickness is not shown in Plates 3 or 4. If in order to ensure that deviation does occur.
the change of projectile direction is extreme, and Another problem is the reduction in structural
prhaps dependent upon whether the core is in integrity which will result from deliberately
collision with aggregate or mortar immediately including voids in the concrete. It may perhaps
after the :opper jacket is stripped, the hardened be necessary to restrict the use of such amaterial,
steel core may undergo a stress which exceeds the employing it solely for up-grading pruposes on
material strangth, hence the core fracture@ and existing stnuctures. The difficulty of ensuring
rapidly comes to rest, Plate 5. a reasonable distribution of "relative voids" using

Projectile impact trajectory

Spall region

Copper sheath

Aggregate particle

Lead plug

Hardened steel core

1ram ,Saw cut,

plate I Penetration of hardened steel core projectile through a fibre reinforced concrete target showing

deviation of projectile path where sheath is stripp _ frm projectile core

I-



I-late 2 Deviation of projectile along a Plate 4 Deviation of projectile to cmplet*i

straght atha U-turn

Plate 3 Deviation of projectile long-a Plate 5 Deviation of projectile causing

S~r pathfracture of the hardened steel core

ma -



a sprared concrete process would aliso need to be
overcome.

This work in being varried out with support
of the Procurement uscutiv%, Ministry of Defence.
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ANALYTICAL AND EXPRIMENTAL STUDIKS ONI

PENIRRTIR4 INTO (ZOWOICAL TARWTS

0 . J. Forrestal

0D. D. Longeope L. M. Lee
Sandia National Laboratories itech Corp.

Albuquerque, NN 87185 Albuquerque, NM 97110

ABSTRACT nonlinear ordinary differential equations
with a similarity transformation and

This paper sumarises now recent solved numrically or in closed form.
analytical and experimental work on pens-
tration into geological targets. sesulta Layers of target naterial are ex-
from sev~,rol elastic-plastic type theorat- panaded by the penetrator nose vt,.ich opens
ical models which predict forces on poe- a cavity large enough to permit penetra-
trators for normal impact into dry porous tion. This expansion produces annular
rock, concrete, and sea ice targets are rergions of plastic and elastic response,
presented and ompared with measurements Forrestal and Longcope [1,2,3] develop
from field tests. Rigid-body acceleration four target response models; rigid-
data from newly developed laboratory scale plastic, elastic-plastic, rigid-cracked-
experiments for impact velocities between plastic, and elastic-cracked-plastic. The
0.2 and 1.2 Wei are also presented elah tic-plastic model is derived first and

results show that circumferential target
stress in excess of reported tensile
failure values [4] can be d~eveloped. To

ANALYTICAL MC)ZLB correct for this inadequacy, the rigid-
cracked-plastic model is developed. This

In recent papers, Forrestal and model has three regions of responsei a
Longcope [L,2,3] develop several elastic- plastic region next to the ponetrator
plastic type theories to predict forces nose, a radially cracked region with cir-
on conical-nosed penetrators. Constitu- cumferential stress set to zero, and a
tive target description consists of a rigid region. As typical with rigid
linear hydrostat. and a Mohr-Coulm fail- regions in plasticity solutions, particle
ure criterion with a tension cutoff [4]. velocity is taken as sero and the stresses
Mathematically, aro taken an those from the static solu-

tion [6]. For the elastic-cracked-plastic
p - In (la) model, the rigid region is replaced by an

elastic region.
-r 0s 0 P+t C U-U3Q( To oEwlculate penetration resistance,

radial stress on the penatrator nose is
as>- Y (1c) required as a function of the target mate-

- rial propertieas, penetra tar nose shape.,
and penetratcr axial velocity. As derived

where p is hydrostatic pressure, n is in [7], the axial resultant force on a
volumtric strain, Or, as are radial and - conical nose in given by
circumferential stress componets, sea-
sured positive in ompression, Q is uncon- 2
fined compressive strength, and Y is ten- F - Isa (2
oil* strength. As shw in [1,2], them r(2

equations provide reasonably accurate data4~ fits to triaxial material test data for where a is the radius of the cylindrical
dry porous rock, onmcrete, and sea ice. afterbody a"d Or is the'radial stress on
These analyses use the cylindrical cavity the ponetrator noae calculated from the
approximation [5] which idealizes the tar- target motion analyses described above.
get as thin independent layers normal to Radial stresses an the pezetrator woe*
the penetration direction and simplifies from the four response models 5r a ea
the problem to ace-dimensional wave prop.- ice target with p. - 0.92 Mg/n I = 4.0
gatioa in the radial direction. Governing GP&, To - 10.5 We, Ua - 0, Poisson's ratio
equations are subsequently reduced to v -0.27, and Y *0.86 Wa are shown in
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in Fig. 1. Theme data and equation (2) Cayrison of predictiona and mae-
can oeally be applied to obtain penetra- 8urement from a field test into Antelope
tor rigid-body motion. Radial stress tuft, a dry porous rock target, at the
curves of the type shown in Fig. 1 ar. Sandia Tonopah Teat Range, Nevada, is
given in [11 for a concrete target and in shown in Fig. 3. This penetrator has
[2 for a dry porous rock target. total length 1.56 a, afterbody diameter

0.156 a, mass 162 kg, and an ogival nies
with 6.0 CM. The previously discussed

COWAURTSO OF PysDICTIONS WITH theories are developed for conical-Dosd-
FILD TST DATA penstratorme whereas this penetrator hu,'

an agival no@e. Data from several hun-
Test results for penetration into dred soil penetration tests [101 indicate

pack ice targets located in the Lincoln that a 6.0 CM ogival nose and a onCal
Sea, near Alert, Northwest Territory, nose with half apical angle $ a tan1 4 .30
Canada, are reported by Young [0). The are nearly equivalent and this is used 'f
pentrators had total length 1.07 a, the trajectory calculation. For this teot
outer diameter 70 m, a conical nose with the penetrator was propelled with a Davis
length 140 m, and mess 23 kg. Four pena- gun and impacted the Antelope tuff layer
trators were air-dropped and impacted the at 520 %/si other test details are report-
pack ice layer at V5 a 159 u/s. Onboard ed in [21.
accelerometers, signal conditioning equip-
sent, and a transmitter were contained As discussed in (2,91, sliding fric-
within the penetrators. The transmitter tional forms produce an additional source
package occupied the aft 13 ma of the of resistace to penetration and the pro-
penetrator and was stripped from the main dictions shown in Fig. 3 include and
pentrator by fins which eventually inter- neglect sliding friction. Frictional
acted with the ice target near the our- resistance is Velocity dependent [111 and
fati. Thus, the transmaitter remained near this mechanism is required in order to
tha ice surface, remained electrically qualitatively predict deceleration-tim
connected to the main peastrator with a profiles into dry porous rock targets.
trailing line, and tramittd acolera- i
tion-time data to an airborne receiving
station. Four dee.eration-tinm records LAWORATORY SCLJZ I[ 3B1IM&T
with 1 k a resolution are presented by
Young (8] and one of these records is Recent laboratory experiments were
shown in Fig. 2. devised [121 in order to omplement field

test programs and to obtain data at im-
Predictions of rigid-body pantrator pact volocities beyond the ctrret field

docelerations using ,'iouds on the shar test capability. am gms are used to
strength data are al,o shown in Fig. 2. accelerate foundry core tariets (a simu-
From Fig. I and e*qiaticn (2), deceleration lated soft uandstone) to steady Velocities
is calculated frwA after which the targeta impact 20.6 m

diameter penetrators instrumented with
dV Piesoelectric accelerometers. Rigid-body
--, -F (3) acceleration data are recorded for on

ogival and two onical no e shapes over
impact velocities between 0.2 and 1.2

where a is the pentrator mass, The pen@- k/s. Data from thes penetration experi-
trator strikes the target at Vs - 159 m/s meats show a departure in the scaling law
and the calculation starts ubon the nose which relates force to ponetrator ,slocity
is fully eobedded. After nose penetra- for all three noe shapes at impact vloc-
tion, t > 1 a , the theory predicts a ities in the eighborhood of 0.5 to O.6
slight decay. At t S am the pentrator e, which is currently the limiting
has traveled one body length end it is imact velocity for full scale tests.
assd that the transmitter package with
mass 3.2 kg has bomn suddenly remved by Data and a power law fit for a 6.0the ice crater. This ease change producs OR boae an shw in fig. 4. Pfe
the acceleration jums ho mn in Fig. 2. tratim data in Fig. 4 were obtained from
After t - 6 me, the penetrator progresses eqerimantc Conducted on the air Ft O
with mass 19.5 kg and eventually comes to weapons Laboratory 102 w bore #a ca
a msden stop. Th6 sudion deceleration and the Vaivereity of Dayton Usse,
change oacire because a ainum threshold Istitute 17i =e bore gas gwt. Niearity
value of radial stress is required to open of the data were obtained rAth the 102 sm
a cavity end permit penetration. Tbis gm aid the experiments with the 171 - I
threshold stress is tha quasi-static pm were coedecte in order to dmtrate
solution shom in Fig. I for V approaching that seplea aim did not significantly

zero.affect penetration re'iistanoe.
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PMTATI0 WMZVM*~ OF *1.nT DRFS5Lk

FR33CTILU 10 CCII BLAU3

CM. Itimewig, a. Uchneidar eMd 3. tl

itrat-Mah-1natitut, ft'eiburg, FM

Termial Sallitios An Impct Phyeics Division

A~~aT10 MO o diameter laurnch tube. A diaphragm
~I'nestgatiee f th peetraionseperae the two part", 011ar or aluminium
-linestlatons atthe amsratea e- e ued as Gisipbrom ateria. Pressure

haviour of daformabi.! pca~etilea is re- reservoir mWa laac tbe er01 0"a 1 04 with4 nforced aftoretes slas bo that a hynallo cog. Th olatyo the test
Tesslca)mpamtrattie fomas develop- Its tomtrolled by very Lag the pressure
*4 for riV~ prootilee an et m~l- ia WOe oae of air 1Mn. The I" to flied
cable to imarbe the pestnre f at Im- as atable VlO=tr.
pact velocities between 1020 sad 4M 'is.
The mesured crater depths ane smller, The g's fixes into a cloeed rapgo.
.he divergenae increases with highr ve- This tam" oamats of thre parta (rig. 2)t
locities, Lecause the paroootLlo Am- a bleat task (3) * the velocity msurement
formation Itsmelf oomvwa a omsidrabla, statice (4) am the I~met tank (M. *Sabot

Amount of the kirs'e OM~e of the PK*- separation free the uzolect.ile tAke place
ject ile In the blest teank measurements of projec-

tile Velocity ane typically Performed On
IWTFObUCION each test "sinog two direct sheicegraph

utations with point light souroes afta an
De foe and during World War 11 many electranic ooun,>er. The point spark light

amparimental investigations onacearing sources m-e triggered 'bi las-wr light
penetration and perforktion of projec- screens or by rupture of a thin capper
tiles into concrete slAkbe have been per- wire.
formed. The results of these tate fred
a data bea. for many sapirical and semi- Two typical shaograph pictures with
emirical formulas. lovever, them for- the ose of the projectile are shamn in
mulas an. strictly applicable only fat fig. 3. The projectile velocity is deter-
thesme input data. mined to an acuracy of about 0. 5 % %

The concrete slabs are susaendd in the
In recent years special smah"An impact tank. rhe angle of inciden "a be

has been given to the prmblema of impact varied f rom 0 UP to thA rio*Chet angle by
of highly deformable, projectiles, e.g. rotating the target auspa"iom.Th
Airplane crash ock a nuclear power plat. jeatiles arm scaled 500 iheand 1=
The purpose of investigations performed general purpoe bam-oodele (scale factor
at the Iftit-fach-Institut, Freiburg, Is I i 4,S). &omb'-models and targets have
to study the penetration a" well as &&- been scaled according to the scaling lIws
formation of highly dearuable projec- Mti
tiles within the velocity range between 1. Al liea diswa of the targets
100 and 400 m/s. Teifuence of target and ro3aftilea sbould be reduced in
dinsisas on the crater depth will be proportion to the scale.
discuassed. 2. original and model should have the

FAM WZTW V~ m eame gemtrical shape.
AM $AO 035KW 3 The madals and the originals shouldhave the sam densities and strength

The launcher (Fig. 1) isa a cow- properties .
pressed air gun for the low velocity re and Thmedal t~at e of ful eq ale
qSU* (SO - 210 rn/a) sad a uiomal powder a aitss hud10" I
gun for the higher impact velocitise. Tb scle bomb. 19 are shOWR In
For both offigurations the sme launch Fig. 4. Only the *an dimensions of the
tube is Used. The launcher consists of a bosmb s are scaled exactly. Details
pressure reservoir and a smooth-bone like fins, fuse etc. have been igtoored.
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fiv. I Pboto of Impact facility

Fig. 2 Schemiatic of 1L.ct facility

The sabot for the I 4.5 scaleod OF-bom- because this material is light and rae-
modls ts a four pieces sabot with a poly- tively st~omq. Por higher velocities the
ethylene pusher. Its fumnction Is to pro- fC.e-aterial can be reinforced with
tct the beab-noilal from high pressure stronge materials, fibers isto. toe shot
and to guide and acoalaesto the Projectile Conf iguation is shown in fig. S.
in the launch tube. it ast se.zis as a
good presure saling dUrin the acce- The targets an' concrete slaba of
lexation. The sabot should be as light an quality DM35 with cubic rei~orosmant. 4
p'r.sible and as strong as possible. HAard The site of the targets was So x to a S0ce,
styrof oan is used for the four pieces, thick enough to prevent spallatica at thae
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Fig.& 5Saot cofl i guqattio

s ide of the target. Thus, the target
oi" be considered s eL-infinite, beause
the target thick~ness was siitst.tis1y

.F 9. 3 Shayraphs of the projectile thicker than the crater dapth for all

- R&SULTS

The m.aurd crater depths prodw"d
by the WOlb.a b m-modal an shown in

, .t,, ig. 4 in omarison wit.h eill K n
I i penetaton formalast Petry Formul,

Corps of I ineers forula (COR) and
National Defence Research Comittee (14-
KDC) formula.

Within the veloo.ty raneg investigated
a co- aiderable dicorepanoy between imsaur-

-+ ' ' ed ar4 prtdicted cratelr depths is obvious,
All experimntal data ran" below the
calculated ones. only the Petry formula
gives same accordance with the experimental

S " data at low velocities 000 - ISO a/)
".T The reason for this discrepancy can be

derived trm Fig. 7. It shows that the
s lprojectiles behave s riid bodies only

up to a velocity of about 100 r/s. for
higher velocities plastic deformation to

AA Of increasing influence. An incres~ing
S- lmount Of kLetIC e*tercy is A4d for the

deformation, reducing the energy portion

Fig. 4 bob models available for craterng. In addition,,n
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tncretae of the roleotile n oe e sectio g entration depth for difoa erit
is oberved, SOioh led 0 to lep - li ct ainleW
tato "epts Sinel t overa ith ct
fo las hoe In I veloed for dfom - accort e up to elocite of abot
ab plbor tlle raetratiOn. Oe on th It e. pth higher veloctie the pers-
i0 the l-bform a th, tretion depths re no longer inm"eai.

In s lg. SO h le t fbom la i h lotte lte coisidereble scater of dta forto0the ith the penettion dept oh oblique ilec is due to an finceai
Stamed from the SO0 lb. and 1000 lb mc- influenos of the reinforcemet. It i well

dl-bie. I is i ooeed atora wit -- - ko kn tat ao tnvluan fe of lt thi e
lth cLi ne l ata obtined witrh te on crater depth 1s measurable if e plate
Ifl a lb Fr tl-bee haore sm llor thicknes is r thu n thre tIn e he te

caliberowl teiweky erol than thecrter depth.rent loer al aea w osve

500 ls m-.e l-br or the I re de- a ere or lees stroW nfs lence of the
fheanle 500 lbol b modl, however, plte thicknes on the crater duph. Only

oone n i ony o at linir .- little ii about the lnoe of Thelogi~ie 1< 150 /s) * Th enetration lateal plts e dh n I n so cae o th .fotla oft, theror a it o beI in ore o study thii lean.,, plait
viali only for elyp defor le pro ith different lateral diin haer
jectiles. Pethrmr the 1stuemos of been liote aund alec platen wit ide-
the angle ef llinenc o erteleg bee tildimensons werei ectludreifterei
beinvmtigeted. in Fig. 9+orrespon- ditances from the edge of the plte. The
inc petraton dept for 00, 1S and results hiS tht in both ease only a

ar e plotted versus the ilpact ve- M*lI increase of crater depth wee ob-
loity. The 0 values ar oTT in servd as long as the crater depths are
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much usalker than the thicknea of tho

plote.

COOCLUSION

The results demonstrate that the
penetration behaviour of highly defnrimb
projecti1e in concrete in substanmtially
different from the penetration or rigid
bodies and therefore 'classical* pene-
tration formulae cannot be applied,
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<RAPID RUNWAT CUTTING WITH SHAPED CHARGES

Charles E. Joachim

/ U. S. Army Engineer Waterways Experinent Station

ABSTRACT conducted by the WES Structures Laboratory (with
the assistance of personnel from Company D, 52nd

Research has shown 'hat removal of large, Engineer Battalion (Ft. Bliss, TX)) at the 11hitt

partially damaged, concrete 'inway slabs is a )Aajor Sands I-tssila Range, W0.
el- 'ent in the tine required to perform a runy
repair operation. A rapid mhod for cleanly cut-
ting away damaged sections wuld significantly re- OBJECTIVE

duce overall repair time. Shaped charges are
potentially just such a rapid ru-my cutting tech- The study objective was to evaluate shaped
nique. This paper presents the results of field charges as A mears for rapidly cutting damaged
teats designed to evaluate the rummy cutting abil- runways. SpecJiic test objectives were to avalu-
ities of standard and linear shaped charges. A ate the runw.y cutting abilities of conical shaped
series of 25 runway cutting tests was conducted on charges. and commercially mnuactured and "home-

the l--ft-thick (4 in of asphalt + 8 in of con- made" linear shaped charges.
crete) undamaged taxiway sagments constructed for a
recent Air Force test program at the Whitu Sands
Missile Range. Although TOW warhead charges suc- APPROACH

cessfully penetrated wall into the subgrade, no
cracks ware observed betwee holes, even at the Shaped charge runway cutting teats were con-
closest charge spacing. Arrays of linear shaped ducted on undamaged taxiway segments constructed
charges were successfully fired to produce a rela- for recent Air Force quantity-disteaze experiments
tively smooth, uniform cut through the concrete, at the Queen 15 site on the Wite S&.*ds Missile
It we found that inexpensive, "hm'swae" linear Range. NN. The taxiways were built to design

charges gave results comparable to commercially standards currently in use at US4F Europe bases
manufactured charges in Germany. Pavements consisted of 8 in thick

unreinforced concrete slabs overlain by 4 5.n if
asphalt, and underlain by a 6 in stabilized aggr-e-

BAIZKGRMMIfI gate base course over a comFacted subgrade
(Figure 1).

The U. S. Army Corps of Engineers is charged
with responsibility for rumay repairs aL U. S. Air WES obtained a number of surplus TOW (Tube-
Force (USAF) airfields damaged by conventional at- launched, otically-tracked, vire-guided, antitank
tack when such repairs exceed USAF on-aite caps- seapon) warheads. The TOW Warhead consists of a
bilities. The Importance of this wartime mission conical shaped charge approximataly 5 in diameter
is obvious in light of our cnitments in both containing 5.4 lb Coposition £ explosive (Fig-
Europ and the Middle East, whare rapid aerial re- ure 2). The warheads were fired individually to
inforcement and resupply will be essential. Re- determinu optimum standuff and in linear :srrays to
sarch on Miair and Restoration of Paved Surfaces determine if the slab would fracture between pane-
(RREPS) has been performed at the Waterways ka- trations. The charges were statically fired with
periment Station (WES) to develop an Improved Army the windbreak left inplace giving a minimum shaped
capability for rapid rumay repair under combat charge standoff of 4.2 in. Standoffs for indivi-
conditions, dual firings ranged rom this minimum to a maximaum

of 2.85 ft. The linear arrays wsre firfi with
REREPS research has shown that removal of spacings of 9, 12, and 18 in, all using the mini-

large, partially damaged, concrete runway slabs mum stan.ff.
is a major element in the time required to perform
a runway repair operation. A rapid method for Commercial linear shaped charges were pur-
cleanly cutting amy the damaged portions of these chased "off the shelf" from Jet Research, lon (JR),
slabs is needed to significantly reduce overall Arlington, Texas, in 2., and4.5 lb/ft designs.
repair time. Sam cuttfng techniques currently The charges contained Composition B as the primary
under investigation include concrete saws, water explosive. The manufacturer's quoted price was
jets and shaped charges. This paper presents the $125 and $145 per ft length, respectively. The
results of shaped charge runwa- cutting tests 2.5 1/ft charge cmau with an underwater housing
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Pirur* 3), giving a minil standoff of 1.75 in. width above the surface. Typically, the crater
The 4.5 lb/ft charge (Figure 4) could be placid width in the asphalt ws 2 ft, or 3 to 4 tims
directly on the target surface (0 In minlum the crater width in the underlying concrete.
standoff, i.e., with no standoff). When individuall?-boeted W4 linear ahapeft charges

were placed end-to-and and detonated through a
In an earlier study at WiS, the effective- primacord ring main, they successfully sustained

nes of nitromthane (No as an explosive source a relatively uniform cutting action over the
in "hoemade," conical shaped ehot%e m inves- length of the array.
tigated. Aithough it' mas found that twice as much
M9 usa needed to obtain the me shaped charge Craters produced by the JR commsrcial linear
penetration depth aa standari shaped charges shaped charges are sketched in Figures 8 and 9
uaing solid explosive, it me felt that N9 has (2.5 and 4.5 lb/ft charges, respectively), The
several overriding advantages. The edvantages charges performed best at the manufacturer's
of using for amaple; 1) it is classified as a built-in standoffs of 1.75 and 2.25 in for the 2.5
flmable liquid and is shipped and stored as and 4.5 lb/ft charges, respectively. h smaller
such, and 2) as a liquid it has uniform properties charge did not completely penetrate the concrete.
and assumes the shape of the container used. Con- The iarger JR charge, liks the NM charge, was just
ventional shaped charges, on the other hand, use adequate for this purpose. It also de.muntrated
high explosives and are subject to the shipping the capablltt to excavate a ralativaly smooth cut
and storage restrictions of those e, terials, with over whatever distance night be desired, including
controls much nore stringent than thoae for fla- a cut around a 90' corner (Shot 23).
sable materials. ]icause of those reduced re-
strirtona, the use of NM for runwy cutting
charges could be a distinct advantage at USA? DISCUSSION AND CONCLUIONS
Europe bases, with their congestion and limitod
munition storage capacities. An early Picatinny Arsenal report (Refer-

ence 1) indicates that th. conical shaped charge
The W. linear shaped charge container used penetration roughly calea in proportion to the

in these tests mas designed and fabricatd at WES. cube root of the explosive charge weight in peres-
This container is shown in Figure 3 (plan and frost. Using the analogy of spherical craterig
cross-sectional view). A 3/16 in thick brass charges to linear cratering (ditching) charges,
lincr with 60' included antle and 4 in throat square root scaling of linear shaped charge pens-
width ws seltcted for this charge. Thus, the tratioi, is suggested as a logical tenoninn. The
liner thickness is 4.7 percent of the throat maximum penetration of the 2.5 and 4.5 ft/lb JR
width, which is larger than the normal range of charges and the WES 12 lb/ft W charge are plotted
0,5 to 3 percent for conical shaped charge . in Figure 10 in an attempt to provide information
Limited craperativt testing with 1/8 and 3/16 in for prediction of the linear shaped charge naces-
thick liners at WES indicates that the thickly sary to cut various runway thicknesses.
lioer performen better for *oil penetration. A
4 ft charge length was sslset,d to insure that the Square root scaling curves are preaented in
detonation would propagate in a linear fashion, Figure 10 for the 4.5 lb/ft JR charge and the WES

12 lb/ft W9 charge. The ?.5 .b/ft JR charge pene-
tration data point falls 382 below the prediction

RESULTS curve. This is probably due to the fact that the
smaller JR charge was not an exact physical model

Shot geceetry and penetration data are pre- of the larger charge, and partly due tj normal
sented in Table i. The holes produced by all TOI data scatter. A larger eple of penetration ver-
orheed firings are sktched in Figure 6. The TW sus optimum standoff date is necessary before a

penetrated tlae pavemnt without difficulty, reach- statistical scalin& relation can be determined.
ing a maxisum hole depth of 7.2 ft at th- minimum
standoff of 0.35 ft. Typically, the arhed The TOW warheads are not by thmselvesa use-
cratered the 4 in thick bituminous surface layer full in cutting runway slabs. Linear shaped
of the pavment, add ptnched a hole on the order charges are a feasible method for rapidly cutting
of 2 in in diameter through the underlying cot,- runwys so as to permit removal of damaged slabs.
crete and wll into the subgrade. However, no Final proof of this awaits a full scale demonatra-
interhole concrete cracking was noted in any of tion to include removal of a slab.
the linear arrays (even with a charge spacing as
close as 9 in), although 0he asphalt layer is
usually excavated betwn shot holme by the blast. RIFERMCES

The W linear shaped charge craters are 1. Klamr, Oscar A., "Shanped Charge Scaling,"
sketched in Figure 7. These charges showed a Technical Mamorandum 1383. March 1964, hmawition
capacity to satisfactorily penetrate the taxiway. Engineering Directorate, Picatinny Arsenal,
The maximum penetration of 1.0 ft ms obtained Dover, NJ.
from charges at 4 in standoff, or one throat
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TO.1 W od4r01 I.It

0.ot ft -tM
-Y fttttt 3-03tjplo Re3 - . .0 03 f tn

WM 3 -1 TOW 1-11 0 .33 3.0 No'.rt .Vp.q-t A,03 0.33 ft dt~ito . a.t

-1 TOW C-13 0.33 3.30 ft3.,. pvestt 4.43 0.23 ft disrwn bo,41lm 3.0.0031. IN
to 3-4

1 1 1 o - 1 . P - t 1 , 3 3 0 -f t I

- 00C-31 00 03 No . m-4O tao o. 1001, 1t. ad O-5 TOW303 C0,10 OAS P1t
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TowP.h .4 014. 33301t.13 04

-3I IV.3 4-3 0.05 3.35 1o, oo.toM.., . 333.. toot., thooa f0.ut "I,3 I

3330 . -0 0.33 0.7 No. 2- .01 0.30 ft f*334.t'h ; 3"t t -

W.30 3 - 0 -11 03 0..1 . v aoa IM 01,.tdsae;Csatdt -

033WS - 1 -13 0.35 . a "-- CID a. tit to. tw fa~tft -

10,30 32 -A M~ 1-31 0.13 .- 1- 0.0 .3 ft.330.,k9

U. 1. Co.odoJ

Results

sttShot Gtt. 303Coettry Fig34.

0 100 I2t ft ft ft

181036 12 JR i 2.5 Wit0 33-11 0.15 End to end 0 charge. 0.03 So". cracking balm. tets~rot 10

003320 13 JA.3 2's lb/tt 11-12 0.Al0 End to *nd 2 rhoFK.c 0.00 1- 0

3833230 1' - .11 3.3 Wi/t CLt-11 0.31 - - 0.30 -- 10

W3833 15 JR.3 2.5 lW/t f-11 0.13 -. 0 .00 Concrete craeksd balm~ pbnetration 10

30314030 1 - 80 C34-12 0.300 - 0.15 9 3

183322 17 N4 33 C-1O 0.33 Ind t 304,3 5 charg. 1.69 -

19/013 1 110 4.S Witf C-11 0.133 On to add 2 charges 0.P7 - 11

33/1050 19 J- ii .5 Wi/t C-1D 0.00) W. to *od I chaorge. 0.00 - 11

19,l120 7 30 is Cf 0. b3/ft C-11 0.3S tod to atd 2 th.si. 0.733 - 1

19301243 21 - JR 0.0 1Wi/t c-3D 0.50i &W4 t013 ad 0I c300 0.033 --

19/1327 22 JR 43 .5 30/ft f-3D 0.333 Ind t00134 3 thr's 005 -

19/13313 23 - i C-1D 0.00 -- single charge 0.03 1-3

319/105! '0 JA 2.5 Wi/t E-11 -0.193 Ind to and 2 charges placed ever 1.00 Total Iotttothshots .015 and .4 3 10

sou 0...).

303300 2S it J A3., Wi/t 918 0.133 End 10 814 Cat&*$ . 'W ' 0.00 -3

forwattlot.
5 harfet . eacoh log.

"p 00.sirn-joint "oofdlutO.8' "483. toolgo, Vast M1 C' 343--foot 00.
00I.oo built-in atabdff 1n . 0.35 It).

p 3~ APPTpOr.,03 detonted, bu oduce aa400 pmrt0101t0 or 10411,.
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NOELIlW THE BURN-TO-VICLENT REACTION

,ii4 TO SIMUJLATE Ir.PACT-DAMAGED SP WARHEADS

Herman Krier *, Martin Dam **, and P. Barry Butler

University of Illinois at Urbana-Champaign, 61801

ABSTRACT which Is similar to a packed bed of explosive
Igo grains.

Impact forces from hardened, concrete targets What is envisioned to follow the impact and
to a General Purpose Warhead (bomb) can in som fragmentation is initiation of the fragmented
cases cause outer-case failure and breakup of the explosive either by the fuse at one and or by
high explosive (HE) filler prior to fuse friction/rapid shear at the case-filler
initiation. The detonation that is expected to interface. By separating the impact and material
occur under reliable penetration and for totally breakup/fracture from the initiation process, it
confined conditions can be reduced to that of a is possible to perform the unsteady two-phase
rapid deflagration with reduced damage to the reactive flow analysis in order to predict whether
target/structure. This paper presents the DOT (deflagration to dtonation transition) can be
solution to the dynamic equations of motion for expected.
gas-particle systems that simulate In one-
dimension, the high pressure, subdetonation speed OD1ed ruse
reactions in such beds of fragmented high IqIlI 8
explosive. It is clear from the results presented
that initiation of a damaged. fragmented explosive
will not necessarily result In a strong detonation Pwtd COe OP q
if the mass and momentum losses from side vents Cul AWQy
(caused by the Impact) are sufficiently large Sh %FIWWfn

INTROIUCTION

The application of GP warheads on expensive,
high priority sorties against hardened targets
requires maximu reliability of penetration and

tdetonation. Conditions can exist (off-axis
Impact; superior hardening) In which the
conventional munitions fail to penetrate and
detonate. The warhead failures art most often
case failures (where the loads during impact cause
rupture of the case and fragmentation of the high Fig. 1. Cratering of concrete surface by GP bomb
explosive) prior to fuse functioning. The result impact
can be low-order detonation or unsteady
deflagrations within the damaged explosive
itself. However, such "explosive" reactions can ASSUMPTIOS
still exhibit measurable lethal effects against
:ubstantial concrete structures, especially if the (1) The analysis considered In thi3 paper
explosive is ;artially contained (by the explicitly assumes that at time t • 0,
surrounding soil, for example.) initiation by the fuse nr rapid sheer

mechanism will allow a deflagration with
Figure I is a sketch of a 6P bomb that has the supporting pressure buildup to

cratered a concrete surface by impact only, penetrate into the damaged (rubblized)
causing partial case failure, and more explosive.
importantly, causing sections of the high (2) The deflagration and possible detonation
explosive to be fragmented into a configuration occurs in only one dimension, X.

(3) The surface-to-volume ratio of the

+ Work supported by Air Force Armament Division, Eglin AFB. FL.,
under contract AFO8635-82-K-032 Mr. George Crews (AFATL/LYV)
is Program Manager.

• Professor, Department of Mechanical & Industrial Engineering
SGraduate Research Assistants; ME/IE Departent
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disctuss Ian w4d description of the constitutive whert: go d e ensity
relations in any detail. However, in fonctional us Weocity, of gas leaving the control
ton"t thelO rvoysent volume

(I) An jqPation of state (1. 0. 5.) for e ofhl
the prodwct gasI of the explosive,

P * P , E . Te paticular
eq4; imjpo It K)he used ws' dI Icutsoed
In ket. *

t ~ (I I An equation of state for the solid 1
ols.'., 0 6 , I ) . *pwi Ictally
the Tl kqvatqwof Itat. (See Nef.

(ill) A heat transfer coefficient which
fleets 0 in Iqs. 5 mnd 6 (seftRef.
2, 3)

(iv) A gee-particle dreg coefficient which ku *m WAJim v d bed I*h
determines D In fqs. 3 and 4 (see Ref. C't6.e'v4 t d h, Ad, .. t oroI3) a a i if e d omcf wdh Nom

(v) An Iiition criterion, Tionit I
T (Oef. P) Fig. 2. Schemtic of fragwted We being moeuled

(,I ) A b5ving rite relation (it discussed

above) D e to the e tr vily hi Oi gas pressures in
In equations (1.6) a represents the lost of the bed, the gas escaping the control volm will

miss ("Is phase) as a resilt of the hole present alvoys be chohed. Hence u will egiual the local
im the theoll casing. The appropriate variation of speed of sound:
this term Also appeart in the -aom tnt end "Orgy
equtions.

most Loss We to Exterior O]Win2 u - (02)t 1/2 u & (10)

Figure shows the frapiented bed being
mofteIef. l imposed on the front face of the The area of the hao is defined as:
illustret4" Pte the expeted presure-distemce A - ax*&x # where $- gas pOas volume
profile% nwing the pressure drop associate$ with frkCtiOn. The volIume Of the control Cell I& VIVO-
theeapeont, in Vthcase well (-0.3 c). A it.,
simpl ified derivation for the mess loss throughout
the bed largth is as follous: " *

Conside the control volume themv below with Substituting into the definition of g , one
F gas being ejeted out the hoe: obtain%

o* *0 JAX 0

Fr or.

..... *..L (2

where Co i s en essuned *owaing retio'. 0 (Co

If one is to consider etrain~it of the
unburned solid particles In the gas escaping
throuvi the hao, the mass loss per wit voluime

ft"ems rote of gaS lost pe unit volum for the solid pkase becomes

cv op~ *2 0D r C (13)

9 %(9) AX L

where no Is a drag factor betwee. entrained
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particles and escaping eas. The parameter no has __________________

a rang@ from 1ero to uv~,y I .
14- Preswae ft 0ttlont

* Numerical Solution Iw VWwsTie t 5
The system of different ialI conservation i

equations described in the previous section.
because of their nonlinoarity, do not admit an .0
analytic solution. In ~re to obtain a solution *t
to the time-dependent differential equations, we
chose to discretize the governing eQuations over .3
the domuin and write the x-deriva' its as center
differmnced first order approximations with the
appropriate artificial smoothing to assure
stability for the hypperbolic oroblem. The partial
differential equations are then re~ced to
ordinary differential equations for a given tine
te" and solved by a standard MEC numerical
solver. The priceeding steps are repeated for
each tim stop,

The results of two-phase reactive flow
calculations are presented in the follownig
section. A MC Cyber 175 computer was used to
numerically integrate the equations. A "typical"
comuttr run consisted of a Ld domain with 1001&9
nodes and a total elapsed time of over 200 CP
seconds.

XLOC 14
Computed Results Fig. 3. Pressure history for compietely confined

accelerating deflagration.
The solutions to the conservation equation%

(Eqs. 1-8) with their required constitutive
relation will (a) show that even withea At timet -O, only 4 emofthebed is
fragmnted explosive bed. a detonation could occur assumed ignited at an initial low pressure of
If the container walls remaaned Intact; Wb %how I Wa. The results show that within 70 V~ec a
that the ovar pressures could still be detonation is about to form aOd the peak pressure
significantly high, and (c) mOut impotafitly. (at the I m location) Is almost 14 Wa (140 kbar
that a vented bomb condition could prevent a '2 x 10 psi). The detonation (CJ) pressure for
strong detonation and severely limit the over- tIs overall density (*) explosive is only
pressurization. somewhat greater than this ;;Igo.

In all cases the container (sat Figure 2) Of course this result is greatly dependent on
wlls remained fixed. The pressures that are the aso" particle size. do.. If the particles
predicted (in the calculations to be preeted) averaged out to be even smel the gas pressure
would obviously result in eventual explosion of
the case wall with additional cratering and dmge
of near*~ structures. "'mu.The,) db' r. I-~

-W TWOin M -adb LmWYA
Figure 3 presents the predicted p tsure 0 LTTAlo L

development history for a legjtelt
accelerating deflagrationprcs
0 and e - 0). The effective SUfAOe-to-voluma o

rai of 01 the aPlosive Wfaented) particles was
610 - 120cm' loaded at (1e ) 705 solids
volum fraction. V

Fig. 4. Presure-tim profiles for varying size

propellent particles.

d0

__________-it_ _



shock would forg OvW sooner. Fl~vre 4 shows the Figure 8 thomvs the comprisms. Note the crack
____f-tl~ profile it the bed midpoint , (m openling ratio, r is only 0,If), Its t"~ Value

?-AT-v ouJr different avrage pirtice cwmiderod Ini e~artler calculatio"I qk-on In Fiqu"
diteteri. (Th, results shown in the previous 5
figure. Fig. 3. ass4 1/2 go.) *40 the
average ?rap*~ >l ezRcoef approximttly ftre ilortontly there Is 6 me'ted redjction
I - the resultant pressures will be *ppmaimattly in the spee of the detonation front, as can be
too low to al low a detonation. Sem in the comarison shmw in Figure 9. For the

T'he effect of even a smal' crack which ton condition of W - 0.16 (a 14 m long crick) one
mlivs the pressure and weakop the developing obtains the spewed of only 1.7 W waS~c , aI
deflagration frmt is sigeificanti as sham In the velocity that covldf be interpreted to be a *low-
retultt presented in Figure S. There, only one order* detonation.
*hao', 4 = in length, located at 4A 1/4.

with an opeflI M ratin* , C - 1/1 It considered.
The wait lost is evident ig the 1ndaented pmessurt
Prof Ie I"At the hall &it*. ________________

The re~ation in Oek presure, at the bed po %T*t vAN"U
mi~otnt Is also severe, depeding an the Crack
opwing ratio. s sho Im in ium' 6, ~wre C..QO
the , _ ~i!!t?._ history predictions art

The effect am the ra of deflagrition as C, r. 0
is increasad Is evidomM the results shw M ,o ~
figure 7. Again. only one hole is aitsoed. mo
located at *2.S cm Note that the slope of
the fleft- 'location versus tift locus, which 4
is the reaction front Speed. his reduced the 01
detonation front velocities, (thoe evaluated at it3

-8 cm) frm 5.3m/ sc (C *0)to 4.3 I3-
m/ OWa (Co0  1/2). a 19% roducti&. A -I

P~nwq itDmmm a f Twm

tift,

Fg , Effect of hole site an pmesure-tie
l~S Fg. history at x S .0 to.

-C. .Om

Fig. S. Presure histwl' for packed bed with bole
at I -2.SCis (to .0.O) w& 14a

Extending the %s* (lemgth) of the crock (AM
tfrm the value of 4 m (W - 0.04) Comsid in
the reselti ~h In the peevlo bo flpresj to Fig. 7. Re~ttion in nam front voecity dee to
E up sad 16 t og Ilsn even we prioouced ei'fect Incresed hole size,
on redeing the prsure front develpmnt.

-AMIN



pressure reductians caused by the muss, Moeto
and onergy ltses are significant for this
partlu.laf case.

VrqRof 0While the oscillations iot the weveform of
Moo the P vIi plot for this cane aq appear to be

Consed IV menerical Instabi lities. tkjy are
actually being Caused by the itrmittent
ruptoringo of the Propellant casing caused IV bed

0c, 6010 a reuuizatio". tab trough on a particular
AVL -421 W004 wevforom represents a point along the propellant

bed where the casing wes rupstured due to high
pressure at son tim during the burn, while each
peak rPretsents a loctation Ofere the casing did
"ot rupt. Ous can note that as a perpendicular

Is di pped to the abscissa frm a Oea (or trough)
particular pelpo" In the bed wil' also exhibtt a

ogcillatoug ) Yhre not cu rse do o n te
iacstatility. the cluatins ressre ieeed

utilizing a time step at ,equal te one-helf the
previous tift step. fho resuts were identical.

Fig. 8. Effect of hole sie on presure t"~
developmnt (ta6 sec SI 1-M

PFb* Feuw Loto~w v% Umv

W~ 'WOA V~ 41 *

52 m2'w~,K k 2 "w'40K

r,-ON- WOC4

W4016

o 0 to 30 to to % o 0 to a 0
0 2 4 5 a t

Fig. 4. Flon, front velocity for varying hWe Fig, 10. Pressure history fat shell rupturesills. at P - 0,5 sa.

AErsotIno Vent Holes Figure 11 again thans the locus of
deflagration fronts as a reult of the pressure

A final set of Calculations Considered an history Show In the previous figure. Note that
alternate constraint. instead of proscribing in if the INZOMal pressure can rupture the case at
advance the location. length and the openinge ratio ressures less then I We the result (at ta
of the vent hales* the OpWNn Is not asused to Vatsc) is a lonw-order detonation*. Moving tt
take place until sMn Critical pressure. Ponato I a 2m/ ,se. Also'showm In Figure 11 Is the
Is attaifted. Figure 10 Shows the ism5 locus of the erupting vent helvi which occur about

eelpmt history when lp 0.1 W (5 S to 10 sma after the reaction front has
=bar). That Is, whon tr%trNi Poessure passed. obviously. internal presure can re
reaches 0.5 Va. a Ovant WOOe occurs Instantly to easiy r 'ture a elr~a* daeged warhead case. so
relieve the pressure. We have specified for this that the roults shown in Figure 10 and 11 mny
hole that Cc 0.10 and V Ax/I. a 0.01. Th no necessarily be unreasonable. Additional
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cOIC01ticAlns I'Wch the *1180' of the 5iiipl~ Which willI comiler:
h'ols are l~crt4ew show the elvacted Pttwlt 61
'9"hlj the attoatlem Nov that MWei have (a) String shock Initiation (at a a 0),rotulted Wi there bws total conflpasot. Instead of wsi" shoct flow 411dtltOA

has mvid.
(b) variation IN~ too astal (W!pAtatCAn)

direction of porticis it" an~d/or be"
_______owe ooI ty.

A1 frmFMLMNI L 10 00= (c)10 Co~liftsof lptsmal prOslorts to casetw to PW *Ob Oft -d tow ift o streise Is Wr-*f to "Idct actoal
-o~ tio delay% Peioe to fr-ctv,, of the

-4 Colo.
"(se A two-Oumslonal e~f)"etion to

de tonation transition 1104101 as
I %:I p*vovsly "Atlfed. Which will allow

lot asre accurate 11#1 want lots

boo &MqVAN(s) variations In *sjloslyo chemical and
U100 001cal Properties.

N.I. trier' and J. A. tae,1vte h
fig. 11. Flow-frent vlocity and ventln9.-hole 7.m .0 W 1919).

locesfor 111 hpturo at P a 0.1 Spa
and p - 1.0 ae 1. S, J. Nothas and 4. trier, AIMA .rya.a

Vol. 19. 01o. 12, pp. 1. 7T W F
CpVWV001p RoME~l 3. P. 1. hmtle, M. F. Lembck, and NI. trier,

The rosults Presented In the lost soctloA~Vl4, ~ 15
wtily the fact that a Vretvr* of the eistirlor

caSIng of a P Warfiad with brskup of the
ease o cn roeco* the effectiveneus of the
#4&1041v* filling. Cam W"r prtssntsd W"er the
aCCelerating fleft cr'pasatts thr0*0g (a) a thell
casing Intact, (b) a %tell casing jigh has

f?'Wr~d A to7POUP0 twect, *me (C) I shell
casing which has fractured do* to local lied
internal presivritatioft.

&lwe the pror surtac.-to-volvs ratio of
the totall cw.Vined oxPloslvo. 11tre~s
ixca In It 1 04 an be Predicted as the
lItrWa frent Or"oagtes throwsh the porous

=apleI tIvo bed. "Never. .A" thet shell uigs Is
ep 04 n prodoct tam ae 41alua to vicae.

the ever-all protsivrt profilas are greatly rediced.

The lftal came prossied In this Paper
too aed 3 casing fracture ecctrrIs at a
Proscribed stress On the sultrier Wals. Folture

"Oan this "I"bl siseuld cople the stres
WhMICt Of the etcasIng Structure With the

a"plied stresse cmwed IV the borinn emplosive

A final point 161ch Skftld be discuasd ais
With the 0ene.EIMsiana anayls sid to slisplify
the nw~lcal amid1. *tea the prope mc0ter
reour'ce, a detalIed tw-lss ais ~ayIs
mutld prolsably lad to canclutlesis %*ich are 1 silt
is the 04"0141~~aa vnori.

Okr anoil eek will alto Includle tifalysis



-"EITM MIIM (iftclw XMTO TO eitasnlvt stcomop "MM MPAC
t. A P1ooe Anlytical tiethod

Illinois l stitu T yW, ChCO IL
fdeard L. "ohm
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AIS~hACTthe Impact SMnsivity of shell casings filed
Sthis ppr prests an analytic imethoid for with voltafn expletives When Impacted by secondary

&"I the ". cha"Ifts that load to th frogmtt. (it met determined in earlier upoI
deIonan of Cased muanitions filled with Reta Invstigationl that a shell In the mlte
mlten explosives "he Impacted byt or just-poured state in& Rare snslitie to
toncrete frrinMts. . tfroose"Al"I failed wall Initiation thafi whe the explosive was cool and
stonla ,tis is a sfrllde6 of troo harlene). The Project vat divided into two
dynmic stutwpol anaelyss method which ports.
makes vie of Predetermined. nonlinear load-
deflection charactstics of the shell The first port set an analytic effort whose

ctr-In the analysis described. the pWWipt was to predict the pressure buldou within
metho wit app0led to peict the prestwe. the molten explosive when the casing avid the can.
time history in tow solte axolosl" Nw UTited explosive Interact with a secondary
sIaJected tn Imoct. A reasonable comparison fr*Vmt. It it hypothesized that prssure build-
betweent asalytic and experimental results wis UPIOP the rate of pressure buildiopr n the
Obtaid Ires!' ulting rise Im tepeture Is a good masw.

of explosive detonation senitivity.

The Secn part was an experimental efft
WhnSI waims to ascertain the credibility ad

INTOGCTONaccuracy of the analysis. Iristrume, full
Usale l eWei e r e afosmd to obtain

At one state of tre muni tion production po- quatitative data for PcM rison with analytic
cost, mlten CA losive5 areo poure Into emty shell results. The experiments alOn provided an in.
casings. At thi and ant stages of the Produc- tight lint what Nes Occurrnmg during the Impact
tion prosther is a finite probability that an process and thus helped guide 0-,.mJss
aciena eplosion imay occur. To limit te
proporction of an accideptal explosion, the pouring P.JLYSIS OF SHELL EIPLOSIOIIS MlE TO
area Is Subdivided Into sallep areas separated by IlVAT 11T LAFA CNMM~f FWAMIS
reiforced conrete Walls. This don tot con-
9lately elimiate the danger of propaglation nigure I is a scemtic shving the shell-
because so explosion in a cubicle can tause sm frepant configuration WaalPe. lIM shell
oaakup Of dividin walls, Producing enied cas ing. O"e at its ape and co~mpletely filled
frageents which my Imact shell casiE ngimWith ltan explosi"e is stationary O the
neigh ring cuicles thius. possibly pr og podplane. At the tie of impact the explosive
additional detonations. - fther or not an explo- isasta0s ficleatl high temerature to be is a
sin is prodace b., such Impact nd s ona the liquid state. The Mpa~t, a concrete cylinder.
dynamic prossre produced within the molten is moving in a horizontal direction with velocity.
explosive, which In turn dep@*ds ON the Ross of the V. The condiion are assumed to be such that
Impactime frpoit. its Impact velocity. point and during Impact the shell casing will be plastically
agl)* of th im iect. *tc- The size of frapanats deformed and will experiene am, acceleration. 1Me
Produced by A segmAtion Wall depends ON the Plastic deformetion of the casing Will cause the
Physcal characterstics of the tell, i.e. rein- mol1ten explosiv to be pressurviued aind to be
furcamat details. concrete strengoth. aggregate forcd to flow upand tiweo the fillig orifice
shte, thickness. span, Suipport conditions, etc. at the apex Of the casing. This pressure buildup
it dAlt depends on the inteoit ad distribution durin the time of Impact and the associated
Of the blast lend Proddbyti W dno Charge On teeate rise. Is hypotheized to be a measure
te dividig Wll. for deteling If the explosive will detonate.

The analytic procedure used to obtain the pressure-
This 0aW describes a Project (Nef. 1) whose time rlationship in the expl4osv during impact

objective was to study the machmim controllin Is described neut,
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A of lnt~f~a prtut Alto, at lawt for this

Sth Or9fict or"a with cha in deletio, I"
Liquid Izplolive

itell CGeitt

A

%h 1. el-rowt Cofiquretio'

T1he analytic solutioA is a %ingl-deqre of
fr*Ww d~ic: analylit which reqdrst certai
postlated4 explative, aheib c~sag, and fropmnt
l~teetiam choa'ctristics Uhic% art the
folbewiftg

3. op-eflection chrcteitilcs (r*ovltmnC9
fwhctlrA) of the shell citing

2, Vlum vev us dflectiom cherecterittic of
the %hall I eROn

1, Orifice area V04 us deflection charcteristics

for the purp*14 of det"umWt th# forve- Fich. i.-Finite bestwt M~o nf Oft Cl~artor of the

asstma tobemitaimed otthe horiftoAt~lir
tien 0011Ab ala.,0 the lin forind by the inter-
sctioa of the midplame of thie %hell turfaco and

the i'eqtical plaO ~e VMS*Oft view ii indicatp by
linte A-A lik Fig. 1. Making use of the %W)i
titry. ame qoarter of the 1"11 Sur?6Ce it

umdled for finite elamt amalys~s &I &ho in low Pat
fit, 2. Thickne% ta is ried Gloft the height tew 10 POO4e

discrete intarvels, AMSYS (hf.f 2) finite *)~ A 0 ,1
Comwter Wprp'. Which =etS the Mcquiremntl r f

lar efletionand plastic deftrimtion of th* o

dOflectl~m e~rcteristict wre obtained by
imsing deflections end them comiOng the ccarte-
spoding %mrcs requirvd to prodaice thin. fleflec-

tia e" limeoled 00 the shell casing at "a4I
rimatotiag an area app mlintely eqokal to the 0_________
contact area bob~me the cosit" and th fmtn . . .
crtte cyllmait. Load deflection characteristics

interloor of the theill. has"lts are = in Fig.

3. lmqwt frte-Wifbctioa charectaristic-i of
ame-dwfectiom ckareteistic-s wer obtiad
free this anlysit. These mu'ilti are it~ in FIG. 3.-Forte Versus Deflection Charcteristics
Fig, 4 aold Fil, 5 respectiely. It will be iwotod of the Shell Casinq for Indicated
tfat boto of thet chapacteriitics art i Ampeadea t internal Pressurs
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FIG. 4.-Volume Versus Ueflection Characteristic FIG. 6.-Pressure Versus Flow Rate for Three
of the Shell Casing Orifice Areas

In tlie initial analysis it was assumed that the
'0, psi molten explosive was incompressible. Analytic

results using this assumption showe large rapid
100s-PSI changes in the liquid explosive pressure, siggest-

-__ing compressibility. The analysit was modified to
take into account fluid compressibility. In the
modified analysis the characteristics shown in
Fig. 6 are still used, however the corresoonding
i internal pressure is modified on the basis of the
bulk modulus of the explosive, i.e.

0 M0

0 where B - the bulk modulus taken as 580,000 psi

o 0.5 1.0 o - the weight density of the molten0 05..explosi ve
Deflection (Inches) Ap - change in internal pressure

Analytic Solution Procedure

As indicated earlier, the analytic solution is
FIG. 5.-Orifice Area Versus Deflection a single-degree of freedom analysis. Referring

Cracteristic of the Shell Casing to Fig. 1, assuming that the concrete cylinder and
the shell move in a straight line, the equations

Next, we were concerned with the fluw of motion and initial conditions are given as
characteristics of the molten explosive through follows:
the fillinq orifice of the casing. The flow is
deperent on the orifice area, the fluid pressure, M x -F (3)
viscosity and the orifice coefficient. The c c
following formula (Ref. 3) was used to relate the s  - F (4)
flow rate, Q to the internal pressure, p of the
liquid explosive and other parameters. where i and M, represent the wlss of the cylinder

and the sheil casing respectively. F is the inter-
C(1) action force between the shell and the concrete

C cylinder, and !; and Vs are the centsr of gravitywhere Cc . the orifice coefficient, taken as 0.64 accelerations of tne concrete cylinder and the
A - the orifice area shell respe.tively.
y - acceleration due 1; gravity

i- ght density of t; molten explosive, The initial conditions for the concrete
taken as approximately 85 ib/cu ft cylinder and the shell are (at t0O, impact is

initiated) ic; the initial velocity of the cylin-
Flow characteristics are show in Fig. 6 for three der Is equal to V; xs. the initial velocity of the
orifice areas. shell 4s eal to zero. The initial dtsplacemnts

xc and xs, of the cylinder and te shell are equal
to zero. Euler equations were used In tM inte-
gration piomcsS, i.e.
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+t s x)'~t *t~ 5 ine density as nol ten composition 8 explosive
is mounted (proppeo) on a pedstal, see "target'

(t + Lt) X(t) + (t)u (6) In Fig. 7. An air gun is then used to launch
tht concrete fregwet at the shell casing to impact
at a specified aiming Point. The concrete fragwet
is in the shape of a cylinder. Two-sizes and

The solution procedure is detailed below. weights were used in this study (Ref. 1). 2-ft and
4-ft long and weighing 200-lbs and 400-lbs resoec-

Solution Procedure tively. The Instrumenltation consisted of a prts-
sure sensor located within the liquid for measuring

1. Reed data describ IN the system the pressure-tiin history during impact. Photo-
2. Set time to zerc (t-0) and displacements andJ graphic coverage was provided to measure tne Impact

velocities co their initial values. Set velocity of the concrete cylinder,
initial in~znl pressure to zero. and the
orifice area and tne casing volume to the
initial values.

3. Print out tir* and pressure
4. If time exceeS maxima. value, stop.
5. From force-deflection-pressure curves (Fig. 3)

determine the intotraction force, F. Note
that the casing deflection 6. is the differ-,
ence in the cylinder and shell motions
(. displacements). I -e 6 ixie i sse

6 ompute cylinder ard shell acceertc , e
equations (3) and (4)

7. Use the Euler intetion formulas, 7f
expretsions (5) and (6), to determinleA
velocities and displacements of the cylinder

and the casing at time t + at. Update time

deflection-pressure curve (Fig. 4). Compute
volumie rate of flow from difference in volume
from previous time step divided by time step.
At. FIG. 7.-Seconodary Fragments Impact Test Site

9. Deterrine orifice ar*A fron orifice area-
deflection-nrvssure curves (Fin. 5).

10. Determinie new internal pressure from
pres sure -vol ae flow rate-aree curves Selected Results

(Fig 6).Figuire 8 shows an experimentally determined and
Steps 11 through !3 represent dn the correspundinc analytic pressure-tir* history.
iterative procedure used to take This particular experiment dealt with a 4.2-in.
into account the compressibility mortar shall filled with GlycertA and water at
of the liquid explosive. ambient temperature. A concrete cylinder, simulat-

ing a wall fragment and weighing 200 impacted
!I. Determine the change in pressure over the the sl~tll at 272 ft/sec at i point 4.25 in balow

time step At and Compute the change in the the fillinq orifice. In terms of the shape of the
weiyht density of the liquid explosive. see pressure-time h~story. duration arnd peakr pr~ssurt.
Eq. (2). the cmperison betwen experimental and analytic

12. Determine the new weight density. results appears to be favorable. Similar compari-
13. Determine the change in volume due to the sois owen obtained for other experiments conducted

change in the weight density. Com!'ute the in the course of the study.
voluime rate of flow. VCUINADREOMDTOS

Continue the Iteration until the
change in, volume is smaller than A simple analytic method was forimulated for
a preassigned value. predicting pressure-time histories in shell

casings filled with molten exp4osives ~e i-
14. Return to stop 3 and continue. pacted by secondary fravants. Analytic results

compred favorably with experiments.
EXPERIMENTAL EFFORT

Additional analyses are required to study the
The purpose of the experimenital effort was to sensitivity of results for a larger set of experi-

meature the pressure-time history within the ments with the objective o' improving the accuracy
molten explosive whe the shell containing It Is of the predictive method. To date four other
impacted by a concrete fragment. The experi - expeirimental program have been conducted on the
mantal setup is depicted in Fig.7 Ashell sentsitivity to impact. by large concrete fragmnts,
casing, containing a liquid , Glyterol, of the of a varietiy of molten and amient teprture
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explosive-filled sitlls. For these previous
experimental programs analytical predictions of
time curves should be performed. With a larger
reader of curves, and hence larger number of test
conditions, one would be able to distinguish
between pressure-time c(ditions fov explosion ad
no reection. The scope of this method eeds to be
further expanded to study whether the peak pressure
in the liquid explosive, rate of pressure rise,
etc. are parameters which individually or in cam-
bination will oredict the onset 3f detonation.

15000

12500 - - - - - - -

=10000 - -

=7500 -

S50O

2500 

l

0 . 0 .00 00 0.0006 0.0008 0.0010

TIME IN SECONDS

FIG, 8.-Pressure Versus Time Graph for
Experiment 4 (Concrete Projectile 200 lb.
at 272 ft/sec Velocity)
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ABSTILACT ani strains acting within the sicrostructurs on
planes of various orientation, called t~'e micro-

Dynamic fracture analysis of concrete plane". This forwmdation involves no tensorisi
structures necessitates a triazial stress-atrain Invariance restr-ictions. The restrictions can
relation that describes gradual straio-atoftening then be satisfied by a suitable coubittion of
with reduction of tensile stress to tern. A new planes of various orientation. E.g., it the cae
model which does that and is applicable under of isotropy, each orientation must toesqually
general loading, Including rotating principal frequent. Thus, nie circuvents the difficulty of
stress directions, io proposed . It is based on setting up a general no~inear conatitutir aqua-
accumulating stress relaxations 4ua to micro- tion in term, of proper in'variants.
cracking free the planes of all orientation within
ths sicrostructure. Camparioaon with tensile test Thet idea of definin4 the inelastic b~t4avior
data are given independently on planes of different orientatiot,

within the material, and thet in sine may su" r-
imosing the iaelatic effects from all planes,

Introduction appeared in Taylor's work [3) on plasticity of
- polycrystalline metals. flatdorf and Audiariski 141

Fracture analysis of certain brittle har- formulated the slip theory of plsticity, in which
ogonous materials. such as concretes and meny the stresses attiag on various planes of slip are
rocks, requires consideration of progressive aicro- obtained by resolving the mec;roscopic applied
cracking in the fracture process tone as the #rac- stress. and the plartic strains (slips) from all
ture is baitg formed. This type of fracture my be planes are than auperiupsed. The "sam super-
efficiently modeled with the crack band approach, position of inelastic strains was used in the so-
In which the mterial behavior in the fracture talled uultileminats models of Zienkievics at a..
process som is described by a etrain-sof toing (5) and Panda t a [ 6. 7] and in many works on
tria~al stress-strain relation, provided that the plasticity of polycrystals. While the previous
straic-sof-maing behavior is ascociated with a works dealing with pirsticity of polycrystals [3,
sona of a certain characteristic width that is 4, 8, 9, 10-141 or soil# [15,161 the streese3 on
treated as a mterial property ot is determinewd in various microploses mare &*sum to be iqual to the
advance by stability anlalss. A suitable tri- reaolved macroscopic stress, this new moel uses a
axial stroe-strain relation of the total strain similar assumption for par: of the total strains.
type (deformation theory type) bas bo recently
for-muated end Was beei shoam to lead to satis- Puindamental &2boes
factory agrommnt with essentiaily al1l existing
fracture teat data available in the literature Tho resultants of the strieses acting on the
[1. 2). This streaa-strain relation is, however, aicroplaia Over unit oae of the macroscopic
limited to situations in which the direction of the continuum will be called the mict-ostreasesa j
maximm principal stress 4oes not si~ificantly rnd the 4traina of the macroscopic czrntiruum accu-
rotate during the fracture formation. This is not mltdfo h eovcosa h irpaa
eo in certsa i mportant situations, especially willte frole the imtore.oa n the ir ards
various dynamic prhlea. Heare, a lon.itudinal -il becle*h .irsria 4 .Wt er
tviv may produce only a partial tensile fracture to the interaction between the micro-and acro-
(i.e., distributed micracrackiaq) anid the fracture levels, mne my introduce the following basic
my be comleted subsequently whet a ehear mava hypotheses.
arrive&, causing a principal tensile strove in a
different direction. For sich situations of pro- !Mtosbis I. - The taneor of macrooscopic
gressive fracturing, It io necessary to develop a strain, c , is a sum of a purely elastic macro-
triaxial strain-eoftmnizg streas-strain reletio
which is path-imeaulaut and Is fermalatad te.* strain c jthat is umaffected by cracking, and an
mentally. A model called, aicroplass model is do- inlsc wota a hchrfomte
veloped to fill this need. We propose Mers a nlsi merar ij ~wihrlet h
model in which the constitutive prorertits are stress relaxation due to cracking, i.e.,
chari~cteriasoi by a relation batmanz the stresses
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a pieces, since sicrocracking is chiefly concentrated
Cij E3 ii (1) there.

Here, latin lower cast subscripts refer to car- tn Ryptehais 111, the relaxation of shear
tesian coordinates x ( 1,2,3). microstresses a n caused by the shear and normal

~j~tesi II - he orml scrotran *sicrostraine a~ and a~ is neglected. This aaaiap-

which governs the progressive developent of crack- tion is probably quite good for very wall crack
ing on a microplane of any orientation is eqa to ~ nnsnei e enddcdfo etdt
the resolved macroscopic stain tensor a for the on cheering of cracks in concretes that no rela-

ij tive shar displacements on the rough interlocked
sane plane, I.e., cracks is possible before a certain finite crack

opening is produced, and that the shear stiffnoes
on n I n3 e (2) of the cracks decroeae rather slowly as the crack

gradually opens. Obe must admit, however, that
in which n~ direction cosines of the unit sormal Eq. 3 (Hypothesis 111) is also Justified by Its

4 simplicity. it would be much more complicated to
a of the microplana and the repeated latin ).owr asm aoa eainbtvntenra n

casesubcrits idicte sumatin oer 1 2,3. shear aicroatrasses and aicroatrains on each plane.
Hypothesis III. - The stress relaxation due aata$ifs Mrx

to all microcracks normal to t Is characterised by ainaltife ari
assuming that the microstress a. on the microplane The virtual work of stresaas per unit volume
of any orientation !@ a function of the normal my be written, according to Eq. 1, as 6W
microstrain a on the same plan*, i.e., Y 6C . a , + a 6e Summing the

n ij j i ij ii ij*

- 2/3Fs)virtual work due to 6c, and 6&j we furthar have

The factor (2r/3)is Introduced just Zor convenience, ii - a + cii e 3  i hc is h
an it will later cancel out. macrostreas tansor resulting from a on all planes,

The last hypothesis is similar to that made ad is h testnorcrepnigt
for shear microctresses and microatreins in the Since both expressions for 6W must hold for any
slip theory of plasticity. Hypothesis it is how- an n rw uthv i ~a
ever opposite. There are three restors for hypc- ii ij.i ii if1j
thesis II.

Equilibrium conditions my be- axpreased by
1. Vainq resolved stresses rather than resolved man. of the principle of virtual work:

strains on tba microplanes would hardly slow des- f
cribing strain-softening, since in this case there 60C W a do - 2 fan 6.n f(+n)dS (4)
are two strain. correspondin& to a given stress but S i ±
only one stress corresponding to a given strain,.nwihSrpeet heeraeo nthn

2. The aicrostraine must be stable when the isphere, the factor (Aw/3)is due to integreting
mcroecrains aka* fixed. It has bean experienced over the surf ace of a sphere of radius 1, and dS
numerically that, in the caA* Of strain-softening, - sin~d~d# (Fig. lb). Note that is do not need to
the model become unstable If resolved stressms integrate over the entire surface of the sphere.
rather than strains are used, since the values of a a or enmcac equal at any two

3. The use of resolved strains rather than re- diametrica ' opposite points on the sphere.
solved stresses neoun to reflect the microstructure Function fIU defIneo the relative f requency of the
of a brittle aggregeto material more realistically. plane" of various orientations 1, contributing to
The use of resolved stresses is reaaonsble for poy- inelastic strem relazetion.
crystalline metals in which local slip, scatter
widely while the stress is roughly uniforsay dia- Subeti utftg gqs. 2-3 Into 5. 4. we get
tribsted throughout the microstructure. By con- a as . TFV at a do4  f(n) dS, and because
trast, in a brittle aggreate material consisting 1J 1J 79 1  11
id hard incluaionsa dad in a weak matrix, the this msust 1hel fo n d e must hae
stresse are far from uniform, having sharp ex-
tromas at the locations where the surfaces of f2 r /2
aggregate pieces sa nearest. The deformation of a I ~ I () na f(n) sine d# dO (3)
the thin layer of matrix between two aggregate 1iJ f f a
pieces, which yields the major contribution to In-a
elatic strain, is determined chiefly by the utamrcodigoEq2.W
relative dieplacements of the centroids of ti -- Frhrmracrdn o3. ,do 5
agp-eate piecas, which roughly correspond to the 7 '(% )d% " Y'(e k an) k-adtu ifr
macrosccopic strain. The microplae my be a 5kndandtudifr
imagined to represent the thin layers of matris entiation of 3q. 5 finlly yialds
and the bond planes between two adjacent aggregate d6± - )1 de (6)
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to which 2bm stress-strain relation for the micro-
c Ji fz /1 lane. rlatig a to a a, most describe cracking

I a ijk Vus (0 in 4dwth altem to co eta fracture, atwhicha
sci 0 o C i i0tril theef)e theree o to s. re o imsfe kinemuatisitsO

a ik n a o'nk~ visualised in Fig. lb, It ts clear thet on asa
function of C muet first rise. tha reach a sox-myh cle the tangeat stiffnes*$ of the ime., and theR gradually decline to $*To. Ve

microplene system. Note that the seq~nc of sub- ecoe the fink&. zero value to be attained asym-
scrits f Dijk Isimmtertl; herfor, tere the final strata at which as . 0. 8-1 state a

are only siz independent values of iscrewetal smooth curve in couweniMt c~tGO onally01. The
atif foes.... Eq. 7 apPIes3 to Initially &Stio- following expreaiom weet ad Iin computations
tropic solids. for isotropic solids, we way sub- 1i9) (Fig. I0 I

The Mathematical stirucur Of the prsn fort ) Ot a a -Etn 0

model my be goomatrically visualised with the for CI Ot Q .
rheclogic model In Fig. Is. % w

The compliance corresponding to the addi- in which I go k, and p are positive constants; k

tional elastic strain a&, west eatisfy isotropy 1.6 x 10 , p a 2.

conitinsandsoThe integral In Sq. 7 ha to be evaluated

- 6 6 6 - (U) numerically, approximetIng It by a finite sumi
ijkm ~a ij 'ka + aw ik 'J. 'i 'ka 1

D ike F.(1(2
in which, as and da are certain hulk and sha i~k F (A,(
srduji which cannot he less than the actual Initial
hulk and sheer moduli I and G. for fitting of in which a ref irs to the values at certain suar
teal data. it was assumed, with success. that ical integration points on a unit heniephere (i.e..
11C - 0. certain directions), end weare the weights

latcing q. (mo Fi. ha. w maynowassociated with the integration points.
write the incrueetal atresa-strain relation asnic nfnt lmn rumfrice

do * d ith~D'mental loading the nmrical Integration needs
ij 13m~j ijam to be carried out a gret number of times. a very

-1(9) aetcient nuc~rical Integration formula Is needed.
((D (Ckma For the ehip theory of plasticity, the integration

'ijkM e s performed using a rectangular grid in the *

ApplingEq. toelasic etoretica (ith plane. This f ormula Is, however, coaputatioally
App)lyeingdq.atheati eetrniou (wit Inefficient because the integration points ae

f(,. - ), m fndstha th mtix n 1. Icrawled near the poles, ead als" because in the
always yields Poisson'sa ratio v - 1/4. This is be- -Pines the aisgulerity arising Irom the pole
cause the slips on all microplens are neglected. takes away the benefit f rom a use of higher-order
Since v - 1/l, is not quite true for concrete, the iteration formua.
additional elastic strain weat he wsed to ma a
correction. Let us amw determine the value of Optimally, the Integration points should be
needed to achieve the desired Poisson's ratio v. distributed over the spherical surface " n ~iformly
Let superscripts c and a distinguish between the as possible. A perfectly unifom subdivision is

valus crrepondng o ~ Forobtained vo the microplae normal to the a-vauscrepnigt jb.M an ke o directions ae the sides of a regular polyhedron.
uniauial streff we have Ch *l " 1 1 g + ao11 /E A egla polyhedron with the most aid"s is the

and. t a 19e -v'o le In Whic VC - 14 lehedroe for wicb I-10 (half theumbearof
12211 11 sides). Such a emsicel Iatogratins formaila we

and at Iv a 2i/5. an - F1'(0) - Initial normal proposed by Albrecht aed Collats 111.

stif fness for the IctopiseS. dsme 22 -e *l Numrical expatimce revealed, however. that
we ost have 10 points are not Msehw henIM strain-aoltoning

rakes Place; It was I send that the satan-afoling;

(10)- V oriented at various smaes with regard to thena-
direction s igificat2y differ from each other,
even thoegh within the stran-hardming range theThis is, of course, under the assuption that dif fern.. are negligible. Therefore, more than

le - 0. 10 points are needed, end the* a perfectly unifort!
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table 1 - Ditectls 066 a SPA~ Waegts fer I a 21 Poiete (ortbosesal

1e on 6013

0.01 071 0.77071 0 0.01"3141534
1 0 0,0

0.7071047812 0M 671 0
4 0.707106412 0:77071 0.0.019101433 N

I 0.7071067812 0 -0.7071047*12

* 0 0.7011047611 0.7071047912
1 0 0. 7071907812 4.7071047112- _

10 0. 31072744 0.319012746 0,630934240 0.02501124272ft 0amnMU
11 0. 3179072746 0.3879072146 -0.8340054240
13 0. 3179072746 -0.3479072744 -0.4034240 e
12 70.3 0727464 -. 319072746 -0.8"4034240 ___________

14 0A3179072746 0.6m"056240 0. U79072746
15 0.19072746 0. M"054240 -0.3179072746
16 0. 317901747'. -u.S3MS95440 0.317"072746
17 0. 31072744 -0.8m4054240 -0.3847972746
1s 0.840934240 0. 179072741 0. :4790727"4
It 0.1340954240 0,3879072746 -0.31 79072746
20 0.6)40934240 -0.3479072746 0. 3979072744tL21 0.8%3462440 -0. M79072744 -0. 317972746

0 31 3326990SwI

Table 2 - DirectiCosts ~aaacd Weights for 2 a 25 Points.

1 10 0 0.01249041M5
20 1 0
3 0 01
4 0.7071071812 0.707106412 0 0.02237491612
3 0.7071046121 -0.707106412 0
6 0.7071067812 0 0. 7011047812
7 0.7071064812 0 -0. MIAMI81
1 0 0.707106412 0. 70710467412 1-
1 0 0.707106412 -0.707106412

10 0. 3013113354 0.3013113354 0.1043340M9 0.0201733557
1u 0. 34151135nu 0.31.3113354 -0.2045341140
1. 0.3015113353 -0. 301)'A133II4 0. 9045340194
13 0. 715113LA -0. 301513334 -0.9243340398
14 0.301511353 0. 964340)98 0. SW1)133,44
15 (A. 30131133 0.9045354001 -4.3015113USA
14 0.301)11335 -4.1043340146 0.301311.335
17 0. 301.311331% -0.90453 VA)96 4.3a1U3534 fig. 3
18 0.90303IS 0.3011334 031511334 -u owim ibo
19 4.904534)9 0. 34111.13)s4 -4.013113)54 of O 8 vth eDaao

20 0.9043)40)9 -0.3015 15 0.30131334 o thes wau H eTe of
21 .9045u039 -0.3015113)3 .4.30134)54

22 6.35 m"329 .73369 .73e49 .20331
v 23 0.3773502 0. 377153492 -0.3713MS392

24 0.37735312 -0.577330392 0.17730319
23 #577330349 -0.577350392 -. 377350391

I-25.2394.0



spacing of a- directions is Impossible. load incrmts, end subsequently calculate the ln-
creneto of c am o for all eleants afnd all

Ralant and oh 117,1 developed numerical into- ~i
give consistent results even in the strain-soft- to the neut Iteration of V.e Some loading step,

eaiing range. The moat efficient formulas, with a or advance to the sext loading step.
nearly uniform spacing of a-directions, are oh-
tained by certain subdivisioas of the aides of an I i~aiguiua iselaigo
icosahedron and/or a dodecehedroa 117). Such for- fined direction, the unloading cirterion io not
mulas do not exhibit orthogonal SYemtries. important siate the only unloading occurs at mod-
Other formulas wihch do were also developed 1171. orete coopresve streas&, for wh-"ch a perfectly
Taylor series expansions on a sphere were applied elastic unloading may be assumed.
and the weights va associated with the integration The microPlaso **del can be calibrated by
point@ were solved from the coondition that the remparisam with direct tensile test@ which cover
greatest possible number of term of the Taylor the strain-sv taming response. Such tests, which
series expansion would cancel out. The angular can be carried out in a very stiff testing machine
directions of certain integration points were fur- sed em eufficiently smll test *spie, hoe"
ther~ determined so as to minimise the error term boft performed by boos med lbrathes (201 as well
of the expansion. Formuae involving 16, 21. 25. as others 121-23). Optimal values of the
33, 37 and 61 points were derived, with errors of three psrintersr of the model, I , k, and V, have
Oth, 10th end 12th order [17). Table I definesoenfud( oa oaheeateba i*otwo of these numrical Integration formulas, with benfod11soatochveheetfisf
21 snd 25 points, one without, and oa" with ortho- the data of bua% and Wrathe. I of these fits
gonsi symmetry. These formules give accuracy thbat are ebm as the solid limee In fig. 3, and the

suffcesformontpr~ica pupose. Fr cudedata are shova as the dashed lines. A better test
saulices, for ml mot irth purpoits. 11or cmud of the maol would, of course, The a tensile teot
calutis a suficel wTh 1irecpon. of7 Inega under rotating principal stream directions, but

tion points are illustrated In Fig. 2. Also shom scwnsshv otytbe promd
eno etrae-strain diagram calculated with the Note that with this thery, one has only two
formula for unkiaxial tension in vasrioua direction eilprmtr,3adk odtrieb
with regard to the intorgration points (directions mtra aa ee oA k odtrieb
a, b, c. d, ... ); the spread of the curves cbarac- fitting test data. Trial and error approach Is
tensaes the range of error. sufficient for that.

Numrical lnritta Cosalson

The following museri-tl algorithm my be wsed The microplane model is capable of aila-
for the microplane model in each loading step. ting realistic tensile stress-strain curve with

(a) rom qs. and2 fo ~ *train-softening ad reduction of stresse" all the
L. Determine 4 thea Ra ad2fo l way to &ero. Combined with the blunt crock band

directions a - 1,_. I h first Iteration of concept, in which the strain-softeningl io re-
the loading step, use c for the end of the prer- stricted to a reion of a certaitn characteristic

ij width that i0 a material property [1,2). this Model
vious %tep, ad in subsequent Interstices use the soul~d gIve a reallstic repressatatim of fractmre.
value of c determined for the id-stop in the Use model is "Dual M do" got preclude appli-

previous Iteration. In structural analysis, re- cation to stress bistories in which the principal
peat this for all finite elements and for all in- srtsic ections attate. frThe fnaysis ofrte
tagration points within each finite element. prticulserof attcte frtre ansuetedo te

2. For all directions 0M ) evaluate Y' Ve0 dyaMic loada.

for use in sq. 7. Also check for each direction
whether unloading occurs, as Indicated by viola-
tion of the condition a .% ? 0.- If violated, partial suppert maer Air Force Mfice of
replace 7'( (e) with the unloading stiffness (which Sciearntic leeereb t ft. DOUR Wam00 ia

a gratefully WeaeWsme. Thma are des also to
my be approximately) take as sm; hooevr, a SaylI for heur "TOMfe s patiest typing.

better emeaion oeis.) ~a
3. b1aleaae Dc from Eq. 7 and 0 from 1. Boaint, S. p., -id c, a. I., -crack leadjika jbm_

sq. 9. In structuvel analysis. repet this for Theory for ftacrwr of Concrete," obteriala
all olinets ad all integration points in each sad Stroctwra (DUAK, Paris), Vol. 16. M.6,
eleet. Whmsolving stroestras curva, cal- 14S pres (based aM "~Coente frectmue via
culate tha the imcrommts of Vokaffo stresses Stroon-Strali hatle.s Ceter for Covrte
mad unbnomm stral.a froM &1. 9. in strctura and Goeaterials, 1S~rt go. Sl-10/dSc,
analysis. solva (by the finite alsmt antbod) the Oct. 1161, Mortimstesw Ociveralty)
isrints of nodal dIscoats from the &Ivan

'mo
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A PLAITIC-VRACTUR MODEL 'O0t
CONCatTK NATINIALS

W. F. Chen T. I. F. Chen$

0Professor Of StructUrail 189iUGerin8 Professor of Civil Isegiseriag

0 /Purdlae University The University of Akron

Wenst Lafayette, Iniana *Akron. Ohio
AllSTRACT usert1!:'4 to anaiytical studies

I1 reifece comerote. @trocter*$
Reetresearch Is structural Ce.- remalve Siea of the seat difficult chet-

Crete under static sad dmamtc beddiag laesee Is the field of etractural cas-
ties bae. moviaS toward the development crate slisering.
of three-dinesslaeal stroe-strain role-
top*e based on the principles of plasti- Curreat sooklysim procedues for
city as well es elasticity. Although reisferced comerese Pr"olaesa *%der
sigaificest Pregreso in this or*a bae shorttsrv losding aro osestially Or&*
bas Ged* is recest years, %o emified or tima-divesiomal. A common approec
tetmenst of the various saistie uses two concrete parameters: ceacSrete
aathesupica. 90odeb of concrete hike bees aoue sI oeeefatr tegh

attepted freewhic a cspreeseievarious empirical elastic%* for theseattemtedpl tfr whithr. tmreh-s TSi bees bees established by carve fittingaleaic-pesti-trcter strse-aslaeasy biastal-lisadiag-test data. Tlhereletleaship for astrate caft be foea beat hase of these euproeei is prob-lated. This seified approach is ably either the oe proposed by LI%.attempted Is the presest work. Nilse., end $late, of Cornell vsiver-

Is this theoretical development, sisy. or the Sea proposed by Geretlo et
the ftwe-paramser failure earfes, of al of the Usivereity of Ce' aed* (see
Iwillee-Werake moel, the technique of Chat, 1981). Their eqeivaet ee- er
Sized hardening felt cyclic leading, the two-disousiesel approach is appealing
coscept of crushi a aoefficieat ead the becase of its simplicity, Its broed
dual criterion fe4 reehisg, cracking, date base0, ad the cerreletioms that
cad sizead types of m iles of concrete have bee. established betesein the con-
will be coneiderad as the basis for this Crete meodolusetn a variety of c,.ncrete

comprhensve deelopeat troethi cad straia tharecteristics. Itcoepehesivedevlepmst s wll be**e that theme imodoe are
m:anly applicable to plamer problems

I. INTRODUCTION sach as beas., poseas. Gad this shela,.
where the stress is predominantly bies-

Per the meet pert, analytical Stu-si
dies of the Somliear respose of reio-
forced costrate structures have bat At present, multi-dimemslosel aa
focused, by s ecessity. *a the behavior lye*@ are usually mae by tabies the
of ieolfted simple structural elemensts coeraet S be imeremestally elastic.
asc-b as be ad celams. As questite- Wham this is dome, Peisses's ratio must
tive isformetion OR the Isad-deformatlos I defined. Nowever, It Is cot possible
behavior of concrete devilopedl Gad co*a- to describe the thr*e-diuonoionei
patina capability upeadekl. the scope of streoostraim behavior of coicrete
soeliMear 4malyels has broadened to materials accurately Is the framework of

iacl44 ach rietall leded oac toas incrementael Uooke's law with variable
inrcue as tiati&*$ Loadleds oe~r# medilt which are fvectioss ef the eas%-

strctresasflosig es~l ofehris Stripes anid/or strais levels.platforms, submerged stvoctnrts, the Rces research Is strutural concreteusual laud-based or naidarowed cont ain- cadat static 4114 dynsamic loadios has
mastvesslsprearoeed cncrte res-beat seviug toward the development oftar vessels sad dams. Although little- threa-dinemoioual etreeo-srain roe-
scale ~ ~ ~ ~ ~ iet biateeeeed sotar aceee the principles of placti-new have a wide range of application ist9in1bse

esay areas of stries amalysis. in4a0- city as WUI as elasticity. Although
quste material modela are eftoma eec of me" work Is this area has bees dome Isk
the major factors is limiting a strec- recent years, me settled treatment of
tural analysis. Ibia Is especially true the various cu11itiag mathematical models
for reinforlaed concrete, where basic Of concrete has boe made free which a
characteristics of reinforced concrete comprehesiave elscttc-platic-fracturo
materials do met cest, the problem of strese-strain rulitienship for coacrete
oadmilimg the mechansical behavior of can be foirmulated. This unified
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approach to atteaptod In the protest coostitutlve mdelia1 of toriel aod

paper. flaite-elseeot &&Iyls of reinforced
concrete etroetroa with typteel ease-

Is this paper, empirlcal eqvotteeO plea of recast applicatlea, to8 ether
ter SOdies a s fraoture otreoith uader with as eateseive lift of rotoreee&,

biiell leadia, epirical espresiasa and eempilatiem of available coptter
for belk bad *bear modvlu wader mol- rrelreae to costaied is the spopels

tiasial street states, orthottepl; ase- report of the ASCI Committee (1962) as
ticity, perfect aid work-herdeoeol p1ae- finite oleet oalyse of teiforced

ticity, which hoe beat treated as as coatrte strcteroe. (A. N. Nilao of
ldivldeal techailqe to the metheeotical Cornell Univereity, Chairfen,. Ia per-
sodolIal of concrete behavier, are too- titular, the materials prseented Is
idtred is relatien to a coase etrwur Chapter 2 of the ASCI Report eatitled
tare. Seen of the iirerrelatleveihipe 'Coeetitutlve Relatione &ed Pellute
betwege the empirical equatiee olaeti- -.hearto b V.P. Chai (Chairman), I.P
City, and plasticity are examined criti- lamest, 0. luyhkogturk, T.T. nhg, 0.
tally aid syOtheeleed is order to term"' Dawls, T.C.T. Lie and R.J. Villa* pro-
let.e a compehesaive oloetic-pleetic- vide a valuable are of atiformation go

fracture etress-strait relatlosehip for the tutreet state-of-the-art Is
teacts. Is particulag, the five- matheatical edeling of reinforced too-
pareaeter taller surface of WIIIon- Crete materials. Detailed aid eutaaicve
Warsha mdel. the technlqe of sled discweetioa of the three-diseeaisal
hardesial for cyclic loeadiae, the *is- elietic-plesti-frocture tosetitatlea

pie oascept of cruehlas coefficlet eid equation, for coicrete are tives is the
the deal critries for crushlis typa, two refereacee settised obey. sad
the crackle type aid the oiled type of therefore will *ot b repeated hare.
fatl MF of concrete are coneldered as Instead, a discueselo of the particular
the hals for this compreheeeivo features to be included is the protest
develepisat fermulatief of a coepreheeive elastic-

plastic-fractoro ctneec-straic relatioi-
It is alse expected that the ehip fir Concrete Is $lIVe is the forth-

three-diaeasioiol filte elatest cosal.
aalyslo pregram currently wader
developmeit at Purdue blvere ity will be It is worth oeitleili hero that a

th., focedatic for a $eeral vorpoee atreal impetus to rseearch to this Sea-
aolisear reinforced cstrate aalyls, oral area hoe bee the studies required
etel-oaecrot, isterectioa prograe. Is for Che doile of preetreossed concrete
this deeloapeot, the coipreheoutee con- reactor vessels, more recent work is
stitsttee equatIocs developed It thet ttu area tau~ ts follewed thrtulb the
present work or cacrete Material will Proceediale of the loteroetLaftl Coster-
be isplesoted tain the ceputer code to eace a Structural MNcbalcs loctor
the fer of uhrouciaoe, whitc, can be Techeeley. publiehed regularly #ioe
readily adopted by aly nonlinear flaite 1971. speclal proceedilet dealing with
element computer program is which the the soalisear fiite-aloeaet analysie af
eolutle *etked is beod as the tier- reinforced concrete structures have bes
%etal approach with a tleset modules publised by IASI (1916), Poittecalco di
feraulatios for solving elastic- Milana (1978), ad KAIAI (1979). Moat
plaetic-fracture problvas. recet procoediale that bave Jest bee

published are the tvo-volume IAIIE pub-
llc:tioa os Advanced Nocheslcv of ogle-

2. TI LITIkATURE V1 THE ITATE-OF-TNI- forced Coscrete' (Colloquia, Delft,
_!1961) sad the Workshop o Cocatiteqtve

Roletiece for Concrete held i Albv-
go attempt will ho a ode hero to querque. Now Mexico. *m April 21-29,

revtew the vest literature os the 1911 epuneored and Publieked by the Air
istkoiticl .0odelis aid nosliseer Force Weopoe Laboratory and the Now
aslysl of reliforced concrete Neulce a8loserial Research loetictte.

etractvroe. A comprehessivo state-wf-
tbs-art e*%ory em the coaititutiv
modelinl of reinforced cocret* 0tanr- 3. CONITITUTIVl eQUATIONI ?OI CONCiETE
ale based as the theoeries of linear and
soalseer elaticity oe well so the Ceascrate, like eal other e&lator-
tboelee of perfect aid wvrk-kardatil lot ateariel, eaihlbite brittle behavior
plasticity together w th ther fInite for teile *ad small compreeive
eloast applicataise in lives is a Otte*ee aid became* ductile to the
recast coopreoeeiv biook aititled presene. of large hydrestatic preseures.
"plasticity is lioteread Concrete' by It Is therefore eaestalfol aid ctu-
Ches (NcGroW-li! , 1o1). Further, a Vaeiant to seek y Ied criteria and pjae-
cepreheeive state-of-the-art review an tC atreef-otraire~ e to coo-
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trot& Is the 10.1til state as# to took For tenssle tallorl~ the behavior
I Gij~t raet T!Ii sod et reese-etes to esseoatilly lisgarly elastic ap to
SSto a 0 lotoohiIr, 40r tatvtod concrete is felers lead. the .4slieve streamed toas-

t% t :tt:0stat. ?It: brittle 4ad tide with the *avia** straias. @ad as
dutit-oeol gs he eCombaed to plastic etreisa Steve at the fllso

provide a proper dsoeripti.. of the pro ameat. Per compressive failure, the
sodt peet-feillwe behavieor oeonrete is material isitlelly euhiblite almost
the dtittile-btittle Stte Ilice behavior lip to the proeotieael

limit at point A, after which the
Ia te llinwngwe smesise heateriact Is progressively weekesaed by

spatial fetoro to berstolatie a isterval iecrkagop to the *ad of
$lostIt-plast le- f Psetwre model tot the the perlectlp plastic flew region CD at
fialte-elemst asalvehe Of roetete poiat 0. the aemllseal oteretseve are
wtrvet~reo, losed so the retest basically plastic, 4sae. upsa emiwaedieg
devolopmeats, we adept the five- saly the poticm C* talk be recovered
parameter ftatute (or pIelding1k) Cri- frem the total deformotiesa . It is
toriaa C. villas'barokt (197s1) as the cleat thaet the pheeOemQG oi the regioni
Isil'sto modal for Castrate. Isotropic below point A, tn the region AC, sod Is
elastic sad 4 *iamtropic elestic theemioe the regiesi Ce correspos oecatly to the
are applied for the decription of thebeairoa salylstcawrk
initial beadi 6  *ad the Poet-feillare herdesiog elctoplastlc, ao as elastic
1tobaftirs of Castrate. A plastic model perfeetly Pbtlai solid. respectively.
dimplaying sized hardening Is seed to The Use Of saast40rhhreig
doorrihe the comerete bohewior betwes plastic model to describe the serse-
this Initial yielding sad the fractwre strata behawier of %*%crate materials is
tailers. iscrestail streas-strata theraere very attractive in view of
tebatioughips ae thee derived based os these apparent Similaritis.

thd sot4fewala n aed h- We shell therefore asume a kisser

UCs af 0.,1* aV e~sO a th presea it *lp amt. or nonlinear elastic ottessetrais role-
these diffetest type$ of failure "odes tiensip unstil the cosbived state of
are ceasidered. A simple croehs 1, eefos- streng reches an lial yield surface.
fittest Is defised based on 7 a T the laltial yie14 criterlos ts asmed
criterion to ideatifp the croshiag type, to haes the same geometrical ahove IS

the tethngtpe ndth ste cpeofthe Ottae*s *Pet* as the tailor$ se-
the cackig tyo &a the llie typlaores. The five-paraseter felltae cer-tf& Latea. Details of this deveosptast torios, of Willem-Werske, to weed to

ae lives IN the fortheomings. defiae the eltimatesotate of stress. A
fNether disevesles on the choice of the

3.1 alastic-Plestir-Tracure, Nodal Willemt-Warshe's five-parameter model is

Different steae Of the 3-11 00dal gives io s. 4.2.
eatiosd above cam be Ilibettatead
chsat Icelly io a typical ouleziol setwees the, Initial uielding stare
stross-streisk curve for a Plain conrrete &ad the failurea stat.en as trasestel

shows is pig. 1. stress smd strot% reletionship to
assemd so defia., the plastic behaviors.
The platic relecios are developed es
the heeis of a e*iedetjpj9 rule 6ad
the rlassiral asociatef fow - ul.
this development i dicussed io eC.
4.3.

Fer the pest-feile *6ds1e the-
concrests behaviors are defimed by thre

*not typa of faluire Sods. oamtly, *crash-
Leg. crehiega, and a siled moade. A
croobs coett(oleqp based as0a5
iiir 1IsIi reeet 1 been ptopoaed h
laich- e0t &I (190) to Idtitfy each of
the falers msode. this feetuarot of the

* evelopent io deecribed Is lot. 4.4.

per a fratured cstsrae. pro-
Scedures heve 60es developed to headle

the stress-stcea redist ihetias of a
fractured eloeet (mWachi aud Chee,
1961). these procedrvees are tattered
for the flalt-atleftsr aeelyes of cs-



cr1 erctre. Pt h fatrd constitute be th1 a a rob *Iic - a
cr6.11e 1" stre:-stoi te1ti , oc Ot oc t
:I ettopite elastic 1%d. 1 ,%.ted. roeli &6da S-depeadess Mott otf
betelo 1at this &to lives is 1,.:. 4.) thees refiood moels give a close esti-

met, of the roiovost saenpooatal data
fa Vilure cfitotto I16) costel &is l1 the three strees

loerialits, wetflot t oi the required
io *tl Iy filtseGlaet a Y*oaae characteristic$ coctrang oftootwiftes,

**fe for ductillagetols is $*%orally etc . list the Wilien-Woalleea five-
wood for castre Wader ceepressive Parameter model toe ludee nest of the
etreases. This type Of pressure- earlier ONG.. two- enid three-parameter
iadepoadeat yield eeorier. correspond* to moel* as spatial coves sod %eCase,
a Pure shear or ectshr'.ral sheart iscra661aly popular to retest years.

OttW e th er f e dopt the fiv -p a ra mt r

1,05110 capacity of concrete. the VON basic surface far the dovolepaost of the
Hins of Treco urace ffect t8o11 isu& preait elostic-plaetis-fracture model

stated by s &*Perot* t*86iae-failure for 'Coscraeo
ar fac a , e .# the aniew-priaeipal-I
street eurffaco or tooeien-cuitoff sur-

The ~rce-rgrsurface is preb-
oably the simplest type of protests-
4opeadest yield or fat lure criterion
where the pure sear or ectohedral sheer
Inc depensf linearly as the hydro-

etatic pisessre I I or octahedral morviol

stres 5 * I co be looked open as a
ensothl Nt0'swCotl :161aurface. tile letter/
hab fetel oo~ned 00 failure *ut-/
fte for concrete, while the Drucker-
Prager surfae hae meet frequently baes ow
*eed few sells. The arucher-Prager ser- C
face bee two basic shertceols in com-
isecttva with ttacreta nodsliza: tho
listar relatiaship betweens m t and

Ot Ce h needneo h nl rated In Fig. 3. where it is compared

of similarity (see ?I$. I) h with triasiel tost date. Close are-
S- a re lotion s oe o omparloess- n1oel call he observed for beth hydree-

Oct Oct tat 1, ad devietoric *ectilose . to the

tell? ahloy3 to heo curved, aed the trace lew-compwessien reatime the snrface
of the failure surface s deviotoric Atresialy resembles a tetrahedre$. the
*action* to not circular. Tue-peremeter please of which hulges with Increasing
mod4ls with stroight liles as Geridie hydrostatic compression approuimatiog a
ae therefore idequate for describing Circular cons asymptotically.t
the fele of ceacre is the high-
cooprossies reaege. In summa!,. the Wiheam-Warake*4

five-parameter msioel reproduces the
The Soearohised Drucker-pregear out- ptincipal fee t -rea of the trieuial

taco proposed by &reeler 4el Plater failure surface of concrete (Chas.
(19ls) algoteii a Paraoleic dependence of 1W6). It colsett of a onieal $lhep*

1 00 0 "wie the devieteric soc- wit curved meoridieme ad moscircular
oct Oct' base. ecticas as eall as **saftle* stc-I

C tONe are independent of 1. On the times in tho doviateric plae. Is view
ether hatid, the early verates of the of the fluctuations of experieatal
three-parameter $utface developed by results, there io little mood for
Willa&-Versks (1971) rotamas the itater further reficeosato of thie model. Thus.

t a rolatien, hust devisaric we choose this eutfaco e the basic
oct o ct forme for pialdieg, loading Dad failure

sections exhibit 6e-derpodeaea. The surfaces. Verther discuesions wiill
foor-poastor model. of Ottesem (1977) therefore ho feousd en cho develepoeet
end Rase ot &1 (1962) sad the refinedl of Otteiae-straie rolatioeipa of Cos-

fiveo-perenetoer isode Ioaf villaem-auho crete, under general stress states..
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3.3 ixe Hadenng uleThe hardening rule defines rhe
3.3 Mxed ardeing ulenotion of the subsequent yield surfaces

It is convenient to assume a cr1 - during plastic loading. A number of
terin fr intia yildin tohav theharenig rues avebeen proposed to

teaos fnrtnial imldsng tofae the- describe the growth of siubsequent yield
eas fuctina fom a th filue c1-surfaces for work-hardening materials.

tenion. In~ the present model based 0onh'coc o pcfcruedpnso
the five-parameter failure criterion of The, cho iwic h ofase itca bu e deppldso

Willam and Warnke (1975), the material and itse wbiito whc ret thn e arden-d
coannd are ablsit assmo toreen rehai thrden-
consantsare lso ssued t remin te1lg behavior of the material being con-

same, except that the nondimensional sidered. Three types of hardening rules
are most frequently considered:

constant, the comprebsive strength f. is

repace by, a diferet vlue1. Isotropic hardening (Hill, 1950)

f c- 0.3 - 0.6f . The exact value of f c2. Kinematic hardening (Prager, 1955;

can be taken from the uniaxial comprie- Ziegler, 1959)

aive stress-st.ain curve of the specific 3. M-ze hardening (Hodge, 1957)
concrete used.

The initial yielding criterion and The irtropic-hardenimg rule assumes a

the failure critcrion define the limits uniform expansion of the Initial yield
of t a eastc reionthe plasiceurface. It applies mainly to monotonic

of te atcregion,an the p lastilre rein proportional loading&; for cyclic and

Within the elastic region and the pot reversed types of loadings for materials

failure region, theories of linear else- with a pronounced Iauechinoer effect,
ticity ~ ~ ~ -n olna ns l~I the kinematic hardening rule is more

citycan ei l~t roeel iEu appropriate. It consider. the Launch-
inger effect in an idealized manner and
also the development of anisotropy due
to plastic deformation. Combinations of
isotropic and kinematic hardening are
called mixed hardening, which is found

'VICto be msore su Ital for concrete *sat-

.1In tI-e present model, we consider

N the plastic strain increment in the form

pi p
dt e - de + pe (1)

-M dc p + (1-K) dp

P. .. 4.and introduce a constant parameter M to
defjne the isotropic hardening eftect

V4 / dreP - M dtFP The remaining plastic

E~w~ IL8.A* aadI pk
Fe. ft Me strain increment dE to then due to the

is &9 m .16 A .INa ij

I* u. Saa DOWK stt~skinematic hzdening. The strain incre-
Sment de PI is related to the Isotropic

ij

hardening function through the concept
Figure 3Comparison or tsit resuilts for wili,~-arnk Falr No& of effective stress - effective plastic

~11.al and warnie, 1974) straint which makes it possible to extra-

macroscopic point of view (Chen and polate from a simple Uuaxial compres-
Salta, .1982). For a state of stress *ion test into the multidimensional
beyond the initial yielding irreverzi- siuto.Tesri nrmn epk i
ble deformations become significant. it siuto. Tesri nrmn t~is
isa convenient to follow the work-

har denin V1 ti it.z theory to develop related to the kinematic hardening rule
!the re2qu I red incre-sental form ofof Prager's or Ziegler's.

stress-strain relationships. This I hsmxdhreii oe o
rejuiret the consideration of a harden- I hsmxdhrei~ oe o
ing rule. concrete, the weighting coefficient M (0

< K < 1) is introduced to ellow the
freedom of selecting different propor-
tions of isotropic and kinematic effacta

6C



in the mixed model. M can also be a a plastic potential indepeedestly of the
negative value, so that isotropic yield surface for controlling dilatn1c
softening con alo be considered. The or ij!p1tio (Chan, 19*').
advantage of using the concept of mixeJ
hardening have been demonstrated by Vith the help of these three
Axelmson and Ssmuelsson (1979) in assumptions, we can now determine
describing the loading cycl.s of astal uniquely the atresses which *rime during
and by Hsieh at al (1982) in deetLribing any iteration in a numerical analysis in
the reuersed loading behavior of con- which known, finite changes in strain
crate maerials. ACij are iuposed. This is the subject

In developing an slastoplastic of a later discussion.
model for work-hardening material, three
basic asaumptions are general employed: :.4 Post-Fracture Modeling

1. The existence of initial yield our- Concrete fails or fractures in
face and subsequent loading eur- extremely complex modes. Aggregate
a ces. ty~es, mixed design, and loading coudi-

tiona among many other factors all play
2. The formulation of an appropriate roles in the cause of failure. It is

hardening rule that describes the difficult to classify and dsfine pro-
evolution of subsequent loading ciaely the failure sodas. However, in a
surfaces, general sense, theso-%- oi failure may

be castegorized into three types, namely,3. A flow rule that specifies the geo- the cracking, crushing and a mixture of
eral form of the stress-strain cracking and crushing. Documentid teat
relationship, results for tension-rension or tension-

compression biaxial conditions show the
In the present work. the first assump- cause of fracture is primarily a brit-
tion Is satisfied by the choice of the tle splitting in the plane normal to the
five-parameter model of Willem and maximum tensile strain dirvccion (see
Waroka (Sec. 4.2). As fo the second for example, Chen and Tinl, 1980). For
assumption, we have chosen the mixed the triexial compression tests, depend-
hardening rul as described here. ing on the magnitude of conZinemeot

The third assusption states that pressure. it Geama that all the three

for an idealized plastic material, it is types of mode are puasible. Vhen the
a confinement pressure is such lower thanpossible to defin; a plastic potential the axial compression, rough crack sur-

function 8(0 1 1 ti, k), faces can be formed In the direction

normal to the maximum tensile strain,

de - dl- - (2) possibly due to the conoe:tion of
numerous microcracks, For nearly uni-
form hydrostatic condition, crushing
failure is more common, possibly due to

The gradient of the potential aur- the ru)ture of mortar in the concrete.
face defines the direction of the
plastic-strain increment, while the In view of the failur modes due to
length is determined by the loading various types of loading ,ndicions, a
parameter dl. crushing coefficient a has been proposed

to idntify the mode being either a pure
The flow rule is associated if the cracking, a pure crushing, or a mixture

plastic potential has the same shape as of the above (Hsieh et el. 1982). The
the yield condition coefficient can also be used to estimate

p the proportions of the cracking effect
,k) - No k) of the crushing effect in a sized type

i(lJ, cii, °ii, 'iof failure. This concept is found to be

d af particularly appaalion when the post-
3 t - (3) failure behavior* of the fractured con-uiJ c.ate are considered. This concept Is

further refined in the present work.

The associated flow rule is applied
here for practical reasons, since there The concept 2f crtshing coefficient
is very little experimental evidence on is based on the consileration of a dual
subsequent loading surfaces. In a few criterion in defining the pure cracking
cases observations are available, e.g. gone and the pure crushing tone tn the
on the volume change during plastic overall spectrum of failure mode. In
flow, ve may use this information, in the early development, the pure crsckini
the subsequent development to conetruct zone ia assumed to satisfy the maximum

I-m
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tensile stTess conditionII.&id*swe

a>0(4) 14vI -(10

which can be written in teems of the
stress inverignts &a itae tob 0., e

12comeS + 1~> 0 6 6*O (5) have the simple values of a 1.0 and
2\13 2.0 as the boundary values separating

wherethe three different failure same*. This
wheto Ic llustrated schematically im theoctahedral orarl and shear ctreet space

1 . the first stress invariant am shown in Fig. 4.

2 " *ij 'i

-the second deviatoric stress
Invariant

3 " 13 ai k Oki
- the third daviatoric atteaC

Invariant, and

3\I11 3
cos 38 -- j 32

* ngla of similarity, Fig. 2.(6)

It may be shown that the upper limit of % d d-adno
the pure cracking condition satisfies
the uniax'~al and the biazial compression
failure teat data, see 7ig. 4. For the Note that In obtaining the simple
pure crushing type, it was assumed, as a crushing coefficient a, Bookses law of
pirtncip srinacoonets alth: a elasticity was employed to obtain theprinipalstran cmponnts to al stress criterion. Strictly speaking,coapressive strains, so thttecrack this is inconsistent in an elastic-
mechanics can not be developed In the plastic-fracture maoe; Books's law may
light that no tensile straiv could not apply immediately before cruohing.
appear in any direction. This implies Rowevar, judging by the complet nature
that the maximum principal strain Is of concrete failure and the simplicity
non-positive in the application of the concept of the

< 0 (7) crushing coefficient, the elasticity
t < (7) assumption may represent an acctrable

first approximation. For more accurate
Using the Books's law, this condition descriptions, the original dual cri-
may be expressed in terms of the 6tress terion, I.e. a>0 and a1 < 0, may also
invariants as

f--2V be used. A further refinement on the~J cogS a ~ +<_ . 0 (C concept of crushing coeafficient Will be\12 2\13 (l+'u) made In the subsequent work.

combining these two conditions for
cracking and crushing, a cruahins coex- To completet the constitutive model

ficatt sy e ef-e for the post-fracture behaviors of con-
ficint nmay ecdeine corresponding to ea-ch of the

I00 failure modes, we use the following pos-
e . a 60* (9) sible approaches for the mathematical0 2\1T 1-cose modeling,

*such that For the pare crushing sone, the
crushed concrete may be viewed to

1. pure cracking mode. when a < I behavior like a granslar material under
14w the confinement Of neigh9boring watenl-

* i. pure crushing mod, When 4 > -I-ale Netenial stiffmeess in compression
or shear, although reduced, should still
exist. For simplicity, we may neglect

Onresidual Rtiffues and the residual
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strength of a CLushod concrete *latent Introductory Report, Vol. 33, Ptal

coapLotely in to analysit. A mor* Report, Vol. 34, Zurich, Switserland,

refined model say consider the orients- December, 191.

tion of failure planes and use a par-

tially collapse failure surface in thi (3) Chen, W.P., "Plsgticity Is Reinforced

form of no-tensio. no-cohesion or no- Concrete,' Proceedings of ,the Workshop

friction models (Argyrie 3t &l, 1976). an Constitutive lelations for Concrete

This aspect of modeling is not con- , in Albusuerque, Rev Mexico, on
April 23-29, 1981. The Workshop was
sponsored by the Air Force Weapons

Laboratory end the Now MexicoF o r h e p u t s c r c k n g s n & , t h e I n n e i n g Re e r h I n i l t u t .

customary procedures is to assume that n

the cracked concrete remains a contin- 14 Chen, W.V. (Chairman), .P. Bemnt,

uum, I.e. the cracks are smeered out in . uyukosturk T.f. Chang, . arin,

a contiouso fashion. It is assumed T.C,.t Liu oud KJ. Will&*,

that the concrete becomes o. toic "Constitutive Relations and Pilrs

(or sore accurately, tranversely iso- Theories (Chapter 2)," In the state-of-

tropic) after the first cracking has the-art Committee Report n Fisito

occurred, one of the mater-l- axes being
oriented along the direction of cr•ack- ilement Analysis of Reinforced Concrete

iog. Such formulations easily allow for Structures, ASCI Special ublicati t,

gradual build-down of strength in the 1982, pp. 34-144.

direction of tension (tension stiffen- 15] Willa%, K.J. asd Z.'. WarA.,
ing). Als shear-stiength reserves due "Constitutive Models for the TrAnisll

to aggreg1e interlocking and doevl behvior or Concrete,' I"ASK Seminar for

action of reioforcoment can be accounte Concrete Structures bubJected tC

for by retaining a positive shear Triaxial Stresses, Ilrgaeo, laly, 197.,

modulus. The continuous model for IA1SE Pcoceedings, Vol. 19, 1975, pp, I-

cracking has been used io most of the 30.

computational models for concrete and is

therefore adopted here for further [5] HL-ish, S.S., K.C. Ting and W.F. (hoe,
development. An extensive discussion of 'A Plaetic-Practurs Model for .oncrete "
the kinematics of a cracked concrete International Journal of Solids end

sleent has been reported by Chen and Structures, Vol. 18, No. 3, 1962, pp.
Susuki, (1980). 181-197.

For the mixed failure gone, the (7) Susuki, 4. and W.F. Chen, "Llastic-

value of the crushing coefficient Is Plastic-Fracture Analysts of Cancrete
between 1.0 and 2.0 for Y - 0.2, for Structures,' Computers 4 St octures,
example. It the crushing coeificient is Vol. 14 198*
adopted as a measure of the degree of

crushing in this partially cracking and lei  resoler, 1. and i.S. Pieter,
partia:ly 'rushing concrete element. 'Strength of Concreta Under Cobined
tha we may view that the post-failure
behavior is also a linear interpolation Stresses,' Journal of AericaT Cocrete

of the perfectly defornablr behavior and Institute, Vol. 55, September, 1958, pa.

the aniaotropi' elastic behavior. 321-345.

1eo0,v - is proposed that the concrete
1l..)oL Vill lose its rigidity In the f9] Cttomen, M.S., *A PAiluis Criterioo

ra,,kod plane according to the maximum for Concrete," Journal of hl

tensile strain direction and the aniso- Engineering Mechanics Division, ASCE,
tropic stiffness of the fractured sle- Vol. 103, No, gM4, tugust, 1977, pp.

sent will also be proportionally reduced 527-535.

according to the manitude of a6 Notet
that for Y - 0.2, ixed failure lies (103 Axelseon, K., and A. Saauelss'n,

between a - 1.0 &nd 2.0. Thus, the 'Finite Element Analysis of Elastic-

value, of a behind the decimal point Plasti€ Neterials 1lplaying Mixed

represents the percentages of crushing lardeming,' L tormational Journal for

and aleo the percentages of stiffnese Name-lcal Netmods in Sng.meering, Vol,

reduction. 14, 1979, pm. 211-225.
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THE EFFECTS OF CURING AND AGING ON THE TRIAhIAL P1W1OBRTS

OF CONCRETE IN UNDEGROND STRUTURES

M. M. Hightower

Sandia National Laboratories
Albuquerque, NM 87185

AbSTRACT One of the most conson types of
defense structures is the buried concrete

accurately predict the response of structure which has been used in many
a concrete structure for a given loading applications. Depending on the geologic
condition mom knowledge of shear strength material in which a buried structure is
and compressibility is required. Several constructed, the in situ curing conditions
studies have shown that thea properties can vary from dry to saturated and at
vary as concrete cures and ages; there- other than optimal curing temperatures.
fore, the response of a concrete structure Since it is difficult to obtain samples or
changes with time. In order to address cores from buried structures, little data
this problem, Sandia initiated a material is available to date on "ht effect of
test program to study the curing and aging these types of in situ curing conditions
of underground concrete structures. mate- on concrete properties.
rial properties were obtained from cores
taken periodically from two underground In support of concrete penetration
concrete structures constructed at the ptograms, Sandia constructed several
Sandia Tonopah Test Range, Nevada. Results buried concrete structures at the Tonopah
of this continuing study are prete Test Range, Nevada. In order to determine

tthe effect of in situ curing and aging on
concrete properties for these structures,
Sandia has periodically cored two of these

INTRO TION structures. With this test program, we
hoped to determine the rate at which these

The effect of curing and aging on structures cure and the maximum strengths
the material properties of concrete is attained.
always a design consideration. However,
most research in this area is driven by
construction considerations and, normally, TEST PROGRAM
only the effects of these factors on the
uniaxial compressive strength are studied. Two buried structures constructed for
The effects of curing and aging on the concrete penetration studies were tested
response of concrete structures to muni- in this program,
tion type loadings require additional con-
siderations. For munition type loadings, The first structure (Str~icture A)
the multi-dimensional response of concrete consists of several layers of heavily
is important. Also, concrete struvtures reinforced concrote slabs which we e two
are cured under in situ rather than labo- to three feet thick and buried from six
ratory conditions. Since it is difficult to 27 feet deep. The concrete was nomi-
to test large structures, it is common to nally 34 Ma (5000 psi) unconfined com-
test laboratory cured scale model struc- pressive strength at 29 days with one inch
turea which ar only several months old. maximum site aggregate. The second struc-
To accurately apply structural response ture (Structure B) is eight feet thick,
and munition effectiveness results from ten feet in diameter, non-reinforced, and
these models to the prototypes requires buried eight feet deep. The concrete was
that the difference between the multi- nominally 14 Ma (2000 psi) unconfined
axial properties of the model and the compressive strength at 28 days with no
prototype be defined. Therefore, in the coarse aggregate. Structure A was con-
interaction of munitions with concrete structed at Antelope Dry Lake and Struc-
structures, the effects of the variation ture B was constructed in Pedro Dry Lake.
in cLuing and aging on the multiaxial The material properties of the soil in
properties of concrete are very important. boti' of these dry lake bd down through
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the levels at which these structures wete 24 month age of this grout also are
built are listed in Table I. indicative of a material that obeys

the effective strass theory and has a
All material property tests were con- decreae in saturation over this period.

ducted by Terra Tak, Salt Lake City, Utah. The physical properties of the grout ia
The data obtained included physical prop- Structure a show that the saturation of
erties (density, porosity, and saturation) the grout did not change from the 24 to
and hydrostatic and triaxial cmression 46 month period. This could euplain why
data to confining pressures of 400 WPa there in little difference in the triaxial
(58000 psi). Concrete samples were taken compression data over this period. The
as each structure was coentructed. These grout probably did not continue to ds-
samples were tested at the time of the oreas in saturation since it had already
first penetration test into each structure reached the saturation level of the sur-
which, in both cases, was a few months rounding soil.
after construction. After construction,
each of theas structures was cored at In order to compare the hydrostatic -
approximately two year intervals so that and triazial c preasion data of the cn--
material properties of the aging concrete crates in Structures A and 3, the data
could be obtained. Structure & vaa con- is normalised and presented in Figures
structed in 1980 and was cored in 1912, 5 and 4. In Figure S, the triauial ow-
while Structure B was constructed in 1979 pression data from Figures 1 and 3 are
and was cored in 1901 and 1983. normalised by the design unconfined

compressive strength at 26 days, f'c, of
the concrete in each structure. The

Physical Progerty ata normaliaid data show that the strengths
of each concrete at each age are similar,

A smmary of the physical property which lndicates that the rates of curing
data for the concrete in these two atruc- of these buried structures are similar.
tures is presented in Table 11. Included This might be expected since these two
in this table are the average density, structures were constructed near the sam
porosity, and saturation of each concrete location at similar depths in soil with
sample at each tine interval. An examina- similar saturation. In Figure 6, the
tion of these properties indicates that hydrostatic compression data from Figures
density and porosity vary slightly from 2 and 4 have been normalised by the
sample to sample in each structure. These design unconfined compressive strength
data also indicate that the saturation of at 28 days and the average porosity of
the concrete has decreased with tim for the concrete in each respective structure.
both structures. The data plotted im this form shove

volumetric strain increases nearly bi-
linearly with confining pressure with the

Hdrostatic and Triaxial Cslreosion Data slopes of the two linear portiou nearly
constant in all cams. The transition

Figures 1 and 2 show the results of occurs near the point at which the air
the triaxial and hydrostatic compression voids am eliminated and the sa les
data for the concrete in Structure A. The become saturated. Those data show that
triaxial compression data indicate that the rates of change of the hydrostatic
the triaxial strength of the concrete in- compression of these concretes are
creased dramatically over a 24 month similar.
period. The hydrostatic comression data
indicate that the compressibility of the Concluig rs

concrete had increased slightly over the
same 24 month period. Thee results are esults irnicate that these concretes
indicative of a material that obeys the obey the effective stree theory and that
effective stress theory and has a 6s- the saturation of the concrete strmflY
crease in saturation. influences triauial strength and con-

pressibility. The data also show the
Figures 3 and 4 show the results of saturation of the concrete slowly ds-

the triaxial and hydrostatic c oression creases to the saturation level of the
data for the concrete in structure a. surrounding mdium for buried structures.
The triaxial compression data indicate
that the triaxial strength of the grout
increased dramatically over a 24 month
pariod; however, triaxial strength do-
creased slightly over the 24 to 46 month
period. The hydrostatic cression data
indicate' that coressibility of the grout
incroed continuously over the sae 46
month period. The results up to the
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~m4 STRMNTH CRITERIA FOR ANISOTWOIC PATRIA.S

0CL.D. Mhmang and H.S. Walker

0 papartmont of 14"hanical Engineering

~I4 Untis Statt WI~1V~r11tY

Plohattan. KS G"06

A&STIACT Invariants for each system of anitotropic
materials are obtained in the following% by using

Yn this paper, the criteria of strength for Eq. (1,1, (4,S]. The contracted notation I& used,
som Anhiotropic ntarials art investigeod. The (11'* 22' '33' *2 * '32?.1 " '3P *1 *021)
exitence of 4 Strength function. hiiCh Is a
function of invariant& of a stress tensor, Is (1 02' 03. 04, OS' 6
assumed. The invariant% for each class of
anisotropic materials are obtained. 1. Triclinic Systwp

INT14MTION Pedial I

For the purpose of material characterization, Pinacoidal I, .1ij

and design. a rational simple str*Nth criterion
for coupoite% is essentia I and INVortant. At o rsasMigtilhtssmty hr
pointed out by Tsal and blu (13, the majority of it no~o rstals halon~ thorientain ofm y there
proposed criteria ferr* direction inn rtheirl~ abilityt to
include the correlating stress effects. In order can be disetion an erecngula fv' rit sysstet m
to riove such a limitation. 6ol dnblat and cnb sda eev*foe h% h
Kopnov [2) proposed a new criterion of strength for invariant (1 1) for both classes art
anisotropic materials. They investis pa tex-
plicitly te for. of sItreisth criterion for ortho- (1): (3)
",ite materials, In particular, they verified 1 1-' 02' 03. 04' GS' 06

their results for glass-reinforced plastics
experimentally and showd the suitability of the 2. Rhooic Vstom
proposed criterion of strength for practical usage.
In this paper, the criteria of strenth for sow Rhobic-pyromidal I.A2AO
anisotropic mterials are investigated. We asuim
the existene of a strength function (3] which is khomic-disphenidal I.12D 3 .0j
a function of invariants of a stress tensor. TeV*t 1
invariants for teach class of anisotropic materials khmic-dipyramidal ICR.
are obtiaind. Consequetl, the stregth functio.1t~1 3 '?~
Proposed by Tsai and Wu [I) for triclinic and
rhomic (orthotropic) materials, by Gal'diflat and I1():0'2 3
Kopnov [2] for rtwmic, and by Hill (4) for 1 10.0
orthotroic materials can be obtained readily from (2) 2 2
the appropriate invariants given in this paper. i1 0. * 06

Strevnth Criteria for Anisotropic Materials (3) (44)~
Consider a strength function (3)

F(o1i) 0 (1) 3. Travy"s Isomrp

It is supposed that thei material is trans-
which is required to be invariant undinr a group of versely isotropic with respect to an axis x Thus.
trasforations I t1Q. characterizing the material the transformations charecterizing transverL
anisotropy. ile, isotropy are I and

'p. R ix + i a (R + lx 2 ,xi - z3 for all 0alues

adii ,tet' () of a).
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Therefore, the Invariants am F a 4F13, G -F3, H a -F12 , 2L -F4 4,

3)1 r1  ) 2 02 FS1 1 214 - F",

1(2 002 0 2 * 2, 00() 1  * 6 + H, F22 * H + F, and F33 - F + G.

*oan the terms of im three 113)) for F
arm omitttd, the results CEq. (3), (4) (6)) yield 1. S. W. Tsia and E. M. W. A General Th4oro of
the forms of the quadratic strength function. In Strength for Anisotropic Materiali, J.
particular, the strength function for an orthotropic Cmposite Mteriels, Vol. S (1971), p. 56.
mteriel can be written readily fom Eq. (4) with
the ) omitted. This is 2. I. 1. Gal 'daenlat end V. A. Iopnov. Strength

I of Gless-Rainforcad Plates In the Caople
S Stress State, Makhenika Polio rov Vol. -I (1966)(F o F Fs3 )* + (F1 . F p. 70; (English translation) Polymer Mechanics,101 2c 1 210 "F3*3Vol 1(M), P. 54. Veredey Press.

S2FI 1o 02 . 2F23a o3  3. A. Nael, Theory of Flow and Frectuire of Solids,
terawn-Hill. Mew York. pp. 175-221. 1o.

+ 2FI 3 a3 3  44 484 4. C. L. IHung, The Energy Function of Anisotropic

2 20 Mterials with Couple Stresse% - Cubic and
+F55.5 + F6606  1 (6) Nm"420"uSst. Int. J. EMi. SOi, .Vol. 6.5 6 (zM ). p. 6rg

This result can be reduced to, the result In the Ref. C. ¢. L. Heng, The Energy Function for Crystal
C1] by taking a - a 1, eand In the Ref. (2] by Metertels with Cople Stresses, mt. J. Engg.
Wing a a 1 and 0 " 1/2. Furthemore, If the Si111 7t Couple S , nt.

absence of a Sauschinger effect is assumed and the Sci.,Vol. 7, (1969). p. 1221.
eter.al constants end I are taken to be unity 6. R. Hill. A Theory of the Yielding and Plastic

Eq. (6) yields the Hill criterion (6]; Flow of Anisatropic Mtals. Proc. Royal Soc.

(London). A. Vol. 1973. (1948), pp. 281-297.
F(0 2  3)2 + 6(0 - O1)2 H(01 - 0 2 * 2Lo4

+ 2 + 2,02-1. (7)

Wrtre the coefficients of the strength function are
defiwd as;
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CONSTITUTIVE PeKOpTIES Or STELL FISER KIWOCED COSSCtE IN
'0 PIRTIAMAJ. LOADING

0 o-Yie Ko, Pager W, fior, Daniel E. [t.iiig, Stein Sture and Chwon C. Fen

Department of Civil, [vlro*.nta &M Arfhtecturil Engineerin
MTAT University of Colorado, boulder, Co. 80309

illOAC In nd biaxial tes~-or~inloading. In

is papr, the results of the test P-ogram or,

expriovtally in a unique fluid cushion oulti- HATTRPI AL
axial cubical test cell at the Unilversity of
Colorado. In the first phase of the Program. tsAe From & preliminary test series in which
behavior of FIK was tested under thre-diesioaal several type of steel fibers wore 6sed In cop-
comressive loadin. The strenth and stress- Junction with ofe comos Plata tonrte six,
S train proprties are analyzed by usin coostita- Egging LIJ selected fair the test progra the
ti"e 004ets av~liable In tte literature. In the Dremix 30/0.4 fibers mnanufactured by getaert Steel
ecood pmso. a modification to the existing test Wire Corp. These fibers ares sthbight, round wires
aparatus ioas made for testing cuibical specimens with patented hooked ends tz increase their rais.

under direct tension loading. The modification tmnce to puillout. The wires, 30 mos In length and
consists of brushes with Individual bristles glued 0.4 am in diameter. or* available' In collated
to the specimen. In this paper, results art shwn clips, held tortetir by a wetor tolwblc glue. The
from the biaxial tensiop-compressionM test program glve dIssolves within uJxw mwitote after the clips
to demonstrate the strenth inter-actin are added to the plain concrete, allowing disper-

:ion of the Individual fibers. A volisal fratctio
IJTROOC'TION of 0.6 prcent was used in th, mixing nT thre FC

This value may Appear low in compari so with these
The didition of fibers to cametitious mater- used for straight fibers without bent ends. ftw-

Ials Improve% many of the enginering properties ever, it was selected an the basis of mnufac-
by Providin for a different deformation and fail- turer's claim of the igher pyllo~t resistac
urt machanism from that of the plain matrix soar- affortla4 by the defot e fibers. With this volume
ial. Although a significant amunt of reosercih fraction, no balling or segregation of the fibers
has been carried out on steel fiber reinforced was observed dudrin vixiftg AMd good workability
concrete (FRCI in the past too decades. there Is was obtained.
Itill a considerable void im the knowledge of the
streaIth sad stress-strain behavior of Fi under The plain coocrete six design consited of
complex states of stress. This stems mainly from the following paramturs:
a# lack of suitable equipment for applyin mlti- water/ceout ratio * 0.5
dimensional stress and, in particultar, for simal- cemet content 0 770 lb/cu y-d
teneously applying cafinations of tension &ad maxim.m site of coarse aggregte - 31 in
compression, Thus, most FRC aplications t&-dat* fineness modulus - 2.5
have bee limited to situations where the oredom- percent of fine aggregate 5 311 of total
inept stress condition can be simulated in the aggrega to
laboratory, e.g., flexural loading In bridge dock
overlays, highmy and airfiel-d pavments. It This plain c )ncrotai mix has a unioxial co*-
appeasrs that the Improved properties of FIC over pressiva streogth of 7.900 pit. while the FE
plain Portland cmtt concrete wore alt-) desirable obtained by addin fibers at 0.6 percent by volum
in vmM~ ether aplications. but wider applications has a strength of 1,1SO psi.
of FtC coulId only be braot aout if a better
undestandin of Its enginerioig Properties under TEST EQUIPHI(WT AND PROC!OUtf
complex stress states is available. Yo utailcbclts aldvio

A reisearch progires, speasered by the Air for compressive testibg of concrete, rocki and P
Force Office of Scientific 1eeearch has bowe com.site materials CR0 enid Store [2j) wa sd
underwa., at the Aivtrsity of Calorede at slaw for the test program on FRC. Fo" thei comined
for the Pest fow Years to *xamime tioe strengt led tese-~esetesti ng, a Vned addition to the
behavior of steel fiber reinforcemd concrete set- test cell wos moa. The equimet is briefly
jected to bothi three-dimsal copriessive load- described in the followiol.
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The test Cell consists of a rigid frame onto Each brush platoon Is made of 21 altIVIDNV
which are Mounted six wlls. The frame has three bristles. orrage lin a swuare pattern and keyed
orthogonal suare holes ftichied thro It as into ai ahmlnm anchoring block. This block Is
sh&Am In Figure '. The intersatiem ofthese conncted to a double acting hydrewlic cylinder
holes forK a cibical c~wity In fth center of te through a spherical seat assmly desile to
from, within which the 4 in. cubical test acmmoate rotation &Ad transltion of the tes
specimen vtsidus. The six squara openings In the COlO, and to maintain concetricity of the applied
frms ttgoth with the adjoining wall*, act as tension force.
pressure chambers. [at% face of the ubst sweime"
becomes the tnterior wall 0f on chmer. A fluid The tenion generated bW the hydraulic
cushion system is established i each chmer cylinder to pull on te brush plate" Is resise~d
through the use of a flexible P01-yurohaaw NM b a Pair of Itand-ots mouted on the cubical
brente attached to the Inside fec. Of eaih wall. Coll frome. The specimen deformation in the
This Mmbrane, which fits into the square opning direction of the applied tensile stress Is measur.

irs he ima, etans te hyrauic fuid ~e d by proximity tranadocers that moitor the "oe-
into the Ceebr. The fluid presure geneated Meot of tar"et mounted on the brush block.
within the Mmbrane Is rellsted by the specimenThbrseaegld oteP etsp -
and exterior wall. A typical wall assmail with Tebuhsatgodt h R etsel
the V' sd cushion is also shasis In Figure = mn byMeans of a crcial structural concrete

epq (Sikader 31 14i-Ned Gel). The gap bet~ee
On the Interior face of each well and within bristles In a brush platen are fille4 with a sill-

the fluid cushion system Is mounted a set of three com rubber mterial to prevent penetration of the
proximity transdocers, manufactured kVby atly opoxy. The rubbr Ii %soft eNo WO as not to
Nevada Corp.. for detecting the movement of brass restrain te lateral movement ot the bristles.
targets glued to the sorface of the test speci- After eah test. the brushes are cleanmed by sand-
men. The pressurizin medium In the fluid blasting the tips of the bristles In order to pre-
cushions is silicon fINuid chosen for C'.. Inert pare a clean surface for the epoxy bonding for the
properties and noninterferen with the perform- following test. The epmx develops Ita full
once of the proximity probes. The pressures to sthgtn 24hor-s.
the three pairs of opposite fluid cushions are aeaqiiinintets ytmIgenerated by three hand pops. and the pluming is Dt custo ntets ytmi
4angd in such a way that each pm can t. mud hnd'Od by a Mul to l scasmer controlled by a NP
to deliver the pressuie to one . toor all axes In 9W3 calculator. Theoutput signals from the Is
the tast cv-ll. The design capacity of th yse proximitor transducers are scanned and sent in
is 2S.000 rsi. digital form to the calculator which then comutes

the changs from the Initial conoditions. The
The fluid cushion loading system 010ly" int specimen deformations are the computed by refer-

the test device has been show to provide the ewce to a calbration cur"e. It Is necessary to
least boundatry constraint on the test specimen. allow for the flexibility of the test system which
and to have distinct advantages over other methods Is not neligible in comparismn to the deforme-
of load application (e.g. rigid platen& with or tinas of the FRC test specien. The system Is
without lubrication) lin the testing of concrete calibrated by testing a &IW aluminu cube of
materials 03.4j. In essence, the Wppication of a knw properties.
known, uniform normal comrssive stress throw*h
the flexible mmorafte in the fluid "tuhion system TEST PROIRN
ensures complete control of te applied three-
dimansion&I stress state. In additions, since the Two phases of the test progra have been
spetimen is unrestrained by the fluid cushions, comleted. as described in the following.
the moa of deformation and failurie In the test ltpae1 ~"d ot 41cmrsispeciven Is uninhibited by the test eqipment. nPae1 ,e-iesoa oaesv
Thus, the response measured in testing with this loadintr* aple aln th trs paths as
equipment reflects the true material property. sonrFiue3 TW stress pafts consisted

of hydrostatic (isotropic comressimn) loading to
The system described above has be"n used In the selected Mean Stress leVel of 4. 6 or S ksi,

the coastitvtive characterization of Many concrete followed by deirvatoic (pure siheer) loading In
and rock materials under arbitrary, compresive that devietoric plane i% th direction of triaxial
loading. To accomodate the needs of the t rrent .opeso @IT," -~ 932 ). triaxial extension
project on FtC, an additional feature was install- (TE: a~ w or simple shear ( SS- a )-92),.
ed to provide the capability of tension testing In - constant). ring the deviatoric loJang the
one axis. INeWe LSJ. The tension leading device OW Stress,1 1/3 (01 + 02 * *3 - remained
adopted utilizesi a pair of brush platens glued to constant. For each test path, several replicate
the opposite surfaces of the test cube for apply- experiments were performed.
Ing the tension load. One half of the tension
loading device Is show schematically In relatons In Phase 2. biaxial tests were performed
to Its mounting on the fram In the cubical test along the stress paths as shown In Figure 4.
cell in Figure 2. Ther were two groups of biaxial tests in this

72



K4aSO. -Ie firstt yVVV co"112t*4 of bitill Colo. axial) plane in Fi re7? Three Sets of data are
Prastea tosts with rootienal 10641 withth ploted n I$1 9r. I' the tests on the 4 4

stres I'll e "W 1 ,o a teo , /1. 1/0. /, /3#A kI o aor planes, v'sisctIvely its

0Ad~ 3/3, while #I remained at so"e, TWe first additioR to the laboratory test data'I, "

strol rito rpr~oOts i~xil copr*prin adipals shthemse itAr em"Irwed paraoliW

W~e44 thn latrpoeu*v-ia op~- tewllptie aritieory eton tae obtea ef
toe octi vV of 641441 tests consste the tollowin anorigfieprmee- s sa

US, col" otoin bt the strg0h494d w eit r thert4wt i~tifetonfe l ii
kf the ilo loerq iuntatansverse l~todiTng fcalur coesitieo strengt (1)w e MIi-bsalc--
for otitute eing. w i&la est r.1. .04 stressy stretlhs (3) uniaatensy illes stenth
Q'S 066 p 0.iosl ba 0.6of ethe on line cocrt- Wa4ilt shea strengt i a hig al vrfK in
L3,4j sth~t tOfe rsl n cours.drc old boedi stresslel Sn 5 ha tressgth int 1!rd Patig
th04" differecoesive pateria was tehals2o - wiles A"l sar ostrng dasst alon that hnd

107" amenio elli~ig n banigte i ptcal vraibewe thn xtrm f %!dta
aiNre It cns w.ithi ca typca see' tstecorabl

xial failjectnvel ofe nd on tosfets pof The thery devatlic pfave, pother Is-Wnrhee
rie oaig bonth ten stre nth beafo caC. madel with mlhrte (Egging, tiji. fhe p1 "1-

t f he FC wot r t I I xialcompessie rreimi axalon of e tet data 9is baied Th
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Pi,4J to ~t esh Now rels am ai ou b stresst"1 4da()ar e~str* werinalotuhig

oxenitrs is cvpotd verth thG rncplit~5stimi'a.dept til ee.IN P Ia no fte to he fonnAatiot
tra isr~K in141n.I the 10MM a2 pf" oftins anv .. pu osedy Sar st J.iro ile reta Gsnbl success
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ailtrsfltaiur ""'10" rrsdnts the effectsutiteerre d oegingr plUfor, (ther deals.omt

voading toalt them tetl oflib/ation artesinwtie
RESULT shgure 6 AM 7. Iti cast be so" thatl Phase

strainsatla of~e tlmos eteal dagitde uIde oyd-t h

to.henvr n snuto eadn isorop potri aIe she in tinest p ath 9.v TVe aa
~:t e baed o to stesiveinvetigaion ii ois in the fiurcy rereisn thdelsts
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mean Sress Is p clofe allsu hetriciloaig adt throuftteot the fesl rin ormecltess
serin In he 1. At oin A idntiied n the pa"th. byic perstudeM th s the paointl sfcces-
volwric strain cuv. vo ist diltion Ien O w cotained as be! defn ts. of failure.
Occro. This intr roeties threa"o~i vtrd to asi theorfrho oti
Poit o dheratioitof a /cn taken wherero the ,~ aso-crsi eut
caet thew codon ne a hc uniirole crac aree shoun1 noPlie set repcIobt ieu
%trainh owd avlmop, eveantully le derpyi xa ~ssv adtniesrntsi re
Csali faloadng indiesecainan Isotricmter TM tothute~ tredInte strongthe behavio 2e
ial, 16 "oer norma iteting conditio mtrey cleaarly h t sIn ifwian feaTe naitae
%t bae ofseloadn isr fatesv invesigatn i poeis he tol-defiainftio ont ine sthel

Thec behatirte hon rte I incesti pathtrnt enelpe Alto We ilection ointr
opalr i$ ye& o l lveo loadlastnpyia aiuea ave tuhous beehsei past poretiatos on plai con-s
usedQ in~f~ Ph e 1Ate point o 4f d acn thet cath, wh.1ichpzv the ate of e nsopeino Fig-

vo~~~~wm0Vic~~~ur Stai Cr.vlm iaop mto cniut s ignificat of~ tanaurnee.
ocur Thase1f isivtiainte point premitisly woo~o tolaato for ths s

poinf disontinuity o aine bnosr diffeent sresso next. i 9 hersut
%*ath e lottIon pdr wincph sntrso crock arthw oozodWt epc t ohtegi

Calfir of tle envelp TIo dufficrent tit s to sho dietr tenin aro the strt wasio tore
tectiane of lodigis favelopeCare arison in the ii- rslt the finers pufllciompit f the nrt
trc plane iote Fia ad in theao Reni th mtetrihorl Aftrthug ai Ifaled.l Poina

44144 lad ood to hyscalfaiureat alevl hs b" s" ti Pat ivosij~iO*Sas 1111ftCOO

IS-2 pocen Aboe te pintof dsczntiwit. C.to 9,1j, he rte f cart in lop inFig



result, the tensile strength of the FRC was only 171 Lade, P.V., "Three-Parameter Failure
ten percent greater than that of an identical mix Criterion lor Concrete," Paper presented at
of plain concrete. The application of a small Joint ASW_/ASCE Mechanics Conf., Boulder,
transverse comprefiive stress, while doing little Co., June 22-24, 1981.
damage U~ the concrete matrix, increases the resi-
stance of the fibers to jpllout by providing a 181 Gerstle, K.H., "Simple Formulation of
clamping fnrce. Therefore, at stress levels less Triaxial Concrete Behavior," J.ACI, 18. 5,
than approximately 40 percent of the uniaxial corn- 1981, pp. 382-387.
j, 'ssive strength, the decrease in strength norm-
ally seen in plain concrete Is offset by the in- 191 McHenry, 0. and Karni, ~. Strength of
cr- -esistance to pullout. In comparison, at Concrete under Combined Tensile ai'd
0.. .,ie uniaxial compressive strength, the Compressive Stress," J.ACI, 54, 1958, pp.
plain concrete st"ength was 25 percent less than 829-839.
in uniaxial tension. At compressive stress levels
above 0.4, howver, crack propagation is initiated L101 Vile, G.W.D., 'The Strength or Concrete under
under the influence of the compressive stress. Short-Term Static Biaxial Stress,; The
Pre-existing flaws at the fiber-matrix interface Struct. of Concrete and Its Beho,vor under
will begin to extend and the pullout resistance is Lo-ad, London, 1v!1b,-pp. ZIr8.
qiu4ckly lost, resulting in a sharp drop in
strength which tends toward the strength of the
plain concrete as the compressive stress level Is
increased.

In sumary, the strength benefits affordfd by
the addition of the fiber reinforcing are greatest

in baxil tesio-copresionsitatios werePROXIMITORSin baxil tnsio-coresionsitutios wereAND BASEthe compressive stress is small in comparison to FRAM PROTEC -IVEA MAINthe uniaxial compressive strength. M ALL
- POLYU1RET.ANE-
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A SIMPLIFIED VISCOPLASTIC THEORY FOR FRICTIONAL MATERIALS

'0
Howard L. Schrey@r and Jes E. Bean

New Mexico Enqineering Research Institute
/l Urversity of New'Mexico

Albucuerque, W, USA 87131

ABSTRACT p , -L tr a ; L tr (ad)2 (1)
3 2

A viscoplasticity theory is described in terms with modifications provided by incorporating a
of the mean pressure and a new third invariant which third invariant as dictated by experimental observa-
involves a shifted stress tensor. The flow rule is tions. Lade and Duncan (1) and Lade (2) have shown'
nonassociated with respect to the pressure. Illus- if a particular form of the third invariant is used,
trative results for limit states and stress paths the second invariant is not required in the expres-
ire given for a variety of frictional materials sion for a limit surface for at least particular

classes of soils and concrete. A modification of
their approach is proposed to utilize this feature,

INTRODUCTION which may hold for all frictional materials.

The conventional theory of plasticity has a long With the use of a shift in stress, as, a
history of successful use in applications involving convenient definition for a third invariant is
metals. The theory is well-founded on a physical
n a mathematical basis with numerous applications L - (det (a - as) + det (1')J''3  (2)

to engineering problems through the use of computer
progrms. This wealth of experience and familiarity in which the skond term in the brackets is
has led to nuerous attempts to apply the theory to included to make L equal to zero for a state of
frictional materials such as concrete, rock, soils, zero stress. Analogous to the square root that is
ice, and snow. Althouqh there is no fundamental often used with the second invariant, a cube root
reason why the theory of plasticity should be is introduced to provide the dimension of stress.
appropriate for these materials, there are now
several formulations that prcfide correct behavioral A limit point is the point on a prescribed
characteristics. Unfortunately many of these rela- stress or strain path at which the state of stress
tios are so comiicated that their use is limited is stationary with respect to increments in strain.

to the simplest eniqneering applications. This pre- If such points for a variety of paths are plotted
sentation is the result of an attmpt to formulate a in stress space, the result of interpolating between
model that captures essential response characteris- the points is a limit surface (often called a fail-
tics without recourse to a large number of parm- ure surface). A fit to limit points for concrete,
etes or special conditiuns. The introduction of a granite, marble, dense an loose sands, and clay is
new third invariant leads to a plasticity theory postulated to be the line
that appears to be natural for frictioaal materials L - IP - as  (3)
in the sme sense that the Von Mises formulation
works so well for a wide class of metals. described with two parmeeters conslsting of a limit

slope. YL, and the intercept on the L-axis repre-
sented by the shift stress, oa, with the assump-

LIMIT SURFACES tion 1* •,;a. The fits, which re shown in
Figure I,a remarkably good considering the

Limit surfaces for frictional materials depend elementary formulation.
on the first invariant of stress, or mea pressure,
and on a measure of shear which can be expressed
through the second end third invariant,; of stress.
The conventional approach has been to express a
limit surface in terms of the mean pressur, and the
second invariant of the stress deviator
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24 FLOW SURFACES AND FLOW RULES

For the development of a plasticity relion,the initial flow surface can be developed frb e
point of deviation few linearity on stress-strain

10 curves. Then this yield surface can De assuad to
evolve out to a limit surface to represent the
strain hardening phase of deformation. Strain soft-

M oning can be obtained by letting the flow surfac
collapse in a controlled manner.

~ v~aSince the limit surface is conveniently repre-
sented by' a line in a space involving the third
invariant. a flow surface of a similar nature can
be postulated as follows:
S- YP -L- as (4)

0 in which Y is a strain-hardening function with the
restriction y ;P yjL. A surface + -0 defines the

elm flow state. For stress states above this line,
I~~ <0 100, which represents an elastic state, and 4 > 0

is not permitted.

A general hardening description is obtained by
allowing the flow surface to rotate toward the
limit line. I.e., to let y descrease with some mea-

400sure of inelastic strain to the value Li Then
with further deformation. the fow surface rotates

o Qraswlar raock. Oat. S back and this represents strain softening. The
* mins mrble. Rif. 5representation of such behavior together with typi-

- cal loadiw 1~. in the P-A plane is shown in Fig-

I arA1Ieur o
Tr I. A4Mit @nme T

110 - S. Ilaial inWssntes 4

ttw hir / C

100 /

300 N~ 40 Sao-

is IL J, .

A val to thay. Mtf. S 5 N
a L,"" "Md . 11
S110m 1400. lf. 1 1 ipiM 2. stress pmt*, sim tw motm a11 the P-L Plas.

0.3 -To control the aount of dilatation a nonasso-
0. ~ cdated flow rule is adopted with the nonassocia-

tivity related only to the mean pressure. This is
accompliAhe by using a potential fbmetion similarto the flow function but with the parmeeter y

a replaced by another one, To we

* in which -ig is a material constant.()

A. 4. . .4 0.5 4.5

F1iwm 1. Limit eVOM for friCtION41 Mtarlals.
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Deforvation results have been compared with
experimental data [7] for two materials with vastly
different properties. One is a hiqh-strength con-*

crete that displays shear enhanced comnpaction, and
coniderable dilatation, The other is a porous

umetric compactcion up to 30 percent is exhibited
under uniaxial strain and the shear enihancement is
considerable. All rf these characteristic features A0
art displayed by the constitutive model and the
quantitative comparison with experiments is good forA Z
several stress paths, .

VISCOPLASTIC FORMLATION 0 011 .MD 005 01

Most frictional materials show a rate dependence
although specific experimental data Ar. rare and
difficult to obtain [8]. Since these data were 0,10

obtained for a sinqle path, there art essentially no
guide lines to Assist in developing a three-dirsen-
sional theory. It is assumied that a reaso~nable
representation cr' be obtained by allowing the oc
parmter Iv to wary with ine±lastic strain rate in C
a~dition to inelastic straiii. Furthermore, the
relation is taken to boe separable in strain andA 3

strain rate with thc- following form adopted for

in which Yfr denotes the paraeeter used for rate

affects, Yr is the rate indtpendent value, A is an cr1O.
amplification factor, i denotes a measure of ;[1
inealstic strain rate, awd *0 is a reference2 , - -r1
strain rate.The result is a theory that is robust

frtm a nvierical poinrt of view and that provides aA 0.
smooth dependence on two aditional material par&*- A- all

ters, A and'. i- -r

Representative response curves have beent
obtaineod numerically for loose sand ad are shomw in A - .
Figure 3 to Illustrate the effects of these
parameters. These preliminary results indicate that so,.

matter which is desirable for analysts who use large

general purpose computer codes.

Ax, i straim
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tq.* ~ \.1CONSTIT1JTIVE RELATIONS OF COKCNLTE
TmamlSUS.ECTED TO A YVYING STUtAIN RATE
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Poesrof Civil Enogineering

Iwothwestern University
Evanston, Illinois 60?0l

ABSTRACT PIP I 2(X Ckk tk 9(t kk kk -~ t

lxperimtt conducted on concrete subjected +i Y U 'Isk1 ~ 'kI*
to iviact loadi n~in nilaxial tension. Liiaxilln(
comression and"In flexure, indicate that (1) the a
struin effects in concrete are not isotropic, (2) ~ 2 1. ")~ it 'Ica *)
the stress-strain curves becomelless non-linear A~
with increasing %train rote and (3) the rat# ofa
growth of internal microcrecklng decreases with in- 'Y3 (-*I w) 'ki ' .a IM)
creasing strain rate, A continuous dge model is
proposed to establish the constitutive relation- where A, V are the lea pareters, , is the
ship of concrete. To Include the effect of strain dwAVe vector, eis the stress tins r and p the
rite on internal damage, an Inertial tarm Is in-
troduced in the dmge evolution equation. Th density of the material, T~he three pa-amters *r1
damge is expressed as a tensor quantity. The which define the infhinnce of the microcrecks on
Werwholtz free energy function is expressed In the state of the material, art considered to be
term of both the invoriants of strain tensors constants in the present formulation. The su~per-
*a"~ damage tensors. Equations predicted by the script a indicates the possibility of the occur-
model are covered with the experimantal resuIt rence of sne than One indePendent damage field.

1. INTRMUTION " Tis particular form of the free energy wI'Mc.
tion differed from the form chosen by Oaison, L.

It is widely accepted that the failure of and Stevens, A. L. 13) by virtue of the powr ni
*concrete is broought about by the nucleation and associatqd with~ the fourthS Win. This term cani

growth of a niber of ic rpcricks. A review of N thus be of a different ordar In .train and damge.
the dynamic test results bailable for concrete This provided f~r the obtainment of to equilibrium.
also Indicate that the strain-rate effects ob- daaage configuretion from the "r' energy function.
sirved for concrete can be, to a large extent,
attributed to the rate dependence of this micro- A consistent therso4)qaic approach yields
cracking process 11, 2;. It appears, therefore, the contitutive eqution.
that the continuous damge theory is a rational(2
choice for predicting the mechanical behavior of a(2
concrete under both quasistatic and dynamic load- I
irg.

- -- and the dage evolution equation,
2 FOOCLATION OF A CONST'ITUTIVE MOCEL ok tPb 3
A vectorial representation Is adoted for the Qk i g 'j '

damage which is motivated by the planar nature of
the microcracks in concteta. The damage vector is where a jis the stress tensor and k is t'w In-
chosen to be normal to the plane of the crack field ietaascae ihtemcorc rwh(1
and having a magnitude equal to the area density ietaascae ihtemcorc rwh(]
of the crocks. A vectorial damage variable. in D ~ teetoypouto n
contrast to a scalar damage variable, is also cap- 91 should satisfythenrp oa inim
able of modeling the crack induced anisotropy ob- equality resulting from the thermodynamic forma-
served in concrete. Damage Is treated as an In- liss and is cnosen as.
ternal state variable which influences the free
energy of the material. For the preset forul- - 9D (4)
tion the Helmholtz free enery function (o) is de- 1' 0
find in tore's of t"~ cvled invariants of damage0
and strain as,



wthe 0 Is the magnitude of wIand '14 and a are REFERENCES
constants. 1. Sueris, W., and Shah, S. P., "Properties of

Eqs. 1-4 can be comined to yield the stftss- Concrete Wuected to Impact,'. Accepted for
ttrain relations for a particular stats of the sablication in the AME J. of the Structural
"'tarial. Due to the assuption of the planar biilo
nature of the microcrtcks however, the thearf 2. Surs W.. and Shah. S. P., 'Ofchanical Prv-appears to yield reliable results only for planar oteofoicsW cedo matwproblst whore cleavage strains are small am"IprtetfCoce'Sbjce o qet'
to keep the crack openings small. Also, since Introductory report for the Interessociation
friction Is not yet considered, it is not possible (RILEM. CE8, IABSE, IASS) S -_-Slumaon corcrete
to simulate biaxial comression and strain soften- structures unoder impulsive loading, West Merlin.
Ing. Jw 1982.

3. COMPARISON WITH EXPERIMENTAL RESUTS 3. Davison, L., and Stevens, A. L.. OThermmche-
nice) Constitution of Spelling Elastic Bodiet,'

Instouemted impact tests on flexural bem J. Aepl. Phys. , Vol. 44, 1973, pp. 668-674.
have been conducted by the authors 11, 5, 61. To ~ SaiM,'yai eairo ocae
obtain reliable mechanical properties with in- 4. Sannolo.glcyaod eheo aviod o Cntonrte IAt
strwmentad tests with brittle material such as con- Testi gic The sumntd in protal Imua-
crete, it is neessary to reduce internal effects Teint o. thesi req uire n r tialere fu
15). Results of this continuing experimontal in- Ph.D a8t of te rquimetsty f o v. hedel o
vestigetion were cMncred with the theory. P..a otwsenUiestNv 92

The analytical and experimental .i-nt vs. 5. Siaris, W., and Shah. S. P., 'Inertial Effects
strain curves at two strain rates are given In in the Instruinntad Impact Testing of Cinen-
Figure 1. It can be noticed that increasing the iOj5C ose,'MhoralfCnit
strain-rate hes no significant effect on the In- Concrete and Aggregates.' Vol. 3. No. 2, 1961.
itial tangent modulus but results io decreasing the 6 urs . n hh .P,"tanRt

nonlnearty f th cures.Effects in Fiber Reinforced Concrete Sub~octed
The analyticael predictions for th stilith t aatadlplieLaig'Coita,.

increase in tension, flexure and compression are Vol. 13, No. 2. Aril 1902.
compared with results obtained by the authors and
other available results In Figure 2. The consti-
tutlv model can Le observed to be successful in
predicting higher sirain-rato sensitivity in the
tensila mode as compared to the comrssion mxode.

Figure 3 gives the variation of the apparenta
Poisson's ratio (calculated at a strain corres-
ponding to the peak stress (under quasi static
loading) with strain-rate. This value exhibits an
increasing trend in tension and a decreasing trend
in comprpsslon, as the strain-rate is increased.
Such trends conform with the available experi-
mantal results (2].

4. CONCLUSIONS

A constitutive model was developed for the
quasistatic and dynamic benavior of concrete, based
on the continuous damage app'roach. The cqistitu-
tive equations as wall as the dge evolution
equations were derived consistently from therm-
dynamic consideration. Tin modal was calibrated
by the use of flexural and comressloo test results
over a range of streirt-rates. The mode was also
found to be capable In predictisg certain other
phenmena of the dynaic response of concrete.
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MOCK/CLASTOMNm COMPOSITES As IMPACT RESISTANT 14ATEftALS
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Pk , I litary VehiClfs and Engineering Establishment, Christchwrch. Nemp hire, U.K.

AhMSACT elastic 026ulut Of the matrix aerals. 00
published information On the pehetration resist-

ceoaltaos cast trim polymora, sock once Of t~tis type Of oasqoutA moaerial could be
Aggregates and send hae been esainerd to determine found. Although t~her WAS Cos5.ldeteble infomtion
their resistance to PemstraLlOb by 7.6m diameter about penetration into lebogneous 40d layered
high velocity pfto)Actii~ee. The effects of using materials (2, 3. 4,
different polymr aed . Aggregae y.Ws have
bow inwitgated, erd the resultant compsiteg Ceacrlptiom of penttti-m mechsaics hae

o9umis..d in terse of cost effectve""e and used the following approach" (ii empirical,
Peetrtion~ rV~st&nce. (Si) ASSsP1d force LAW, (iii) enelytlrai eOM

(iv) numerical (using ccwutar codes) .irk the
Otimiation wae carried out Using respoee first two catagaries the parmters wu..Lt be dw,.sr-

surfae theory -ad variakaes Oonsidsred were six mined from penetration exneritmets ad applic..tion
Prt~ortions. ro,(h aggregate particle tlme Ad of the reaultant formula to r..., valid in ay other
Polmr hardness. Penetration tests ware carried contaxt. This Is because the parmiers arn not
Out 00 *Pulift 0000Ites to determine this thk- defined explicitly In term uf the connatltut.v%
ness required for a given confidence leve.l of praperties of the sodium and vo~ectii c~aracter-
pto)ectil* contaipmnt ioLes. kohowr, such methods usually ek.ce ge-od

A results wthin these bounds.

in the analytical .. Wptoecti contmatttiwe
adcontinuum equatiges are used to describe the

event, and. ideally, are aolved in a close-J form
An Interest in the PrOtection of buildings to p oduos peictions of dttt of penetration,

and other strbctures against mall arm fire led projectile declaration, etc. Kowever. this type
G,.~ nd Prmfoott (1) to undertake a limitod of solution has not bean achieved without I hig~h
omperlseal study into the behaviour of dry gravel degree it ajmplifloat'om
Armour Which had tee used -*n wire maeh bas to
protect Vehicles 4qainet lnantry fire d~n Wimrical aproachaa era expnsive in tim
World War 11. Their taste showed that a end money. Nomver. for situations using materias
theoretioal opproac~h to find the optima gravel with weli defined properties offering a hi.~h degree
particle sie. usi.g -biilliard ball' theory. wag of reproduceahlity, their value is apparint
not %VALd because of the high degree of comainution
of the gravel F rticlas. Tim offeMtIveness aif the The latter two mathode tove only bee
ar~our, boeo.er, was :)covn. develope to the stage who" they can ctvs vit!'.

A ma~or prblee in usng gravelmstcertain, poseibly in layers.
Aeto h maeril rexblesn grael Is cna- aeteroganoume satAriale such as concrata have been

sentof te maeria. Aflaxble inde isconsidered, but have boon t-eatad as hamoqnfteoua.
dowirable because of the extensive fracture which Generally, the projectile si ussd have been
ocuvre In bsittit mterial an impact. *&no e orders of magnitude larger then the concrvte
idwsa azlum of usaq a cold oaring ichbry polymer aggregaeaso. In the case of the lto'sitas in
as the bindr, and a study haa bee Carried out to this study. the Aggregate mense a iail-r oraot
test the eff*ctiveness Of this type of rok one order of magnitude larger in terms of maca
elastmer cOa(eltr and to ort.Aise the merial than the projectile. This meant that the
in tWoo of its Impact resistance. situation could not realistically be aimnlifled

At s ealy a&" t we rellea tht aas homognousx or layered. because of these

two phase mixture of slastmr amd kocik particles analicl.o &~prA weimnas . ather.

would be wary expansive becauss of the large &ay~aapoc o dotd

percetge voids wich had to be filled with high
cost llast~minr. benc Dsal was Included in the
mix to act as a filler. The resulting copostes
weretwai~sual baeaue of the relatively low.



TEST MTIMIAV~ ---

ruhd crushed Ri er
The com"Sites wero pjroduCed by Siptinj Limestone basalt Gravel

vartous ,proporirnns of and filler, rock aggregate Oven dry specific
an oestmr. gravity 2-b,7 1: ? JIS71

Sand rillorAggregate crishing 1
'rho sand filler reduced the amount of vlw

#-laitower rseouired to fill the void spets betoeen
the rock aggregate particles. Mhe offset ofth A994agate Impact 23 17 16
NAMd particle site anl penetratian resistance was value,___________

considered Ins&nificant, no Zone. It or tore 111 10 ie 04(M 6 s 7... as CS of1F'P by British Ftavd M t Part 10 516 20 37
()wasn used in all composites. % vuids - cioq~ctsd 41 43.0% M%

htock agrvete A.S, cylinder test

An advantage of the comites being % vad nv4sce 93 94 94
*naulnmd is that they art fairly *canomleal NA.cyindres
because locally available eggrnatas may be used. % ,d ucawe

To x~mne he nfuene o aqret* ypean he52.1% 49.4% 43.71
panttration resistanceoat the ccooite. the main ______

per$*$ Of tests Were Carried ouit Qsino thre
different aggregatvez crushed limsetone, cruehed wAI - compacted ~ 4.
Aealt, and river gravsl. 152a 'vise mould 14 ' 91

The crushed l..mstorn. was a finc graivod Table I Rock agrgte ja ties
sdimentery rack, mid grey in colour and angular
ishape with a significant amoun~t of duet present.

The crushed basalt was a fine grained olivine To act as a flexible birsder at Impact and during
basalt, dark grayish green in colour and angular penetration the missaoner had to be elactic at
In shape with a significant eaunmt of dust praesent. high rates of strain. It also h@4 to 91%% a
Most of the dust In these erushed rock aggregates copsite with adequate mechanical properties for
was removed by sieving prior to aixing with the large panels to be prodeod es cladding material
GWAd filler and elastoner. or to form free standing units to a reasonable

height.
The river gravel was predomin~atsiV quaer-aLt

and quarta, with small proportion&ato other rock Initially a -ida rang" of cold cure therso-
types. The particles of the pradminant rockt types setting polymers inchislift epany resin. natural
wers rounded or irregular, but the mfinority roc and synthetic rubber* and polyurethas wers
type particles were of all ahapes. Very little exam~ined. None of the sixtean polyme tested
dust was preent, because of the aggraete's ode initiall1y satsfied ali of the criteria listed tor
of depostilon f rome moving woater which carried away the ideal elatmr. Folyurethanes were foumod to
the fines, satisfy most of the criteria and two polrurethanee.

a polyester Woyurethane (Polyme A) and a blend
The Properties of these rock aggregates as of two polyether polyurethanwe (Polymer 5) ware

defined in British stanard 812 A) are listed in chosen for the maim investigation. by varying the
Taal* 1. Also incluled in this Table are the proportions of the polymer conatitumats different
percentege voids for 27.5 - 37.Sm aggreato found hardnecama of cured elastoner could be achieved.
using 300 die. x 30 high cylindrical moulds
a recmmnded in the British Standard. and using smCU PIUIAMAION

152n cube moulds similar to those used for
composite sp.ecisen -preparation. Single eise rock aggregate eel used in all

specia and after sIeving the aggregatem and
slastomer sand filler were oven dried. Mising was carried

out using a mechanioal bowl &mse. The elastmr
To achieve a relatively Inexpensive can- constituents ware sized far about 30 seconds to

poaite which could be produced without special ensure congeto bleeding and than the rock
curing facilits and have a satisfactory peae- aggregate and m-md fiLer were addd be the resin
trat ion resistance within, at most. twenty four ad the miming oatiawad fot a further minute.
hc'rr, it we: oeeatial to find an elastamr wbich The omoaite was a&" in layers in IS1 amicrets
satisfied a number of criteria. The elatowr ha Cube Moulds. teck laye bein" towed in a
tjo be crially eailebl* in large quhentties amsistoat manser. VolyWe A owfaitee could be
at rulatively low cost. Pot ease of m4.xing and denAIded 1% bore falt caet~q ned POlym%r 3
casting it had to have a low visconety and a gel com'oi tea I kAM after C&ating.
time sufficiently long for casting. iThreaftar
it bad to cure quickly at amient te tare.
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Tot peck"e with Mea square tsce And
varying thicknesas were tisod In a tarVet holder
Which provided Suprt riu.und thw rear perimntes of
the speimen but with minimal lateral rv.traint.

Projiac .&'-a were, either I.Gum NATO mLall
amlat ion miss *. )q with load alloy core) or

7.62im 4AI40 Atuour Piercing assuriticln lease 9.-
9.9 with hacdsned steel core) .Initially both
tyo of ammunition were used,. but idl.cati'nm a -u
were that ansour piercing projectiles penetrated

further th4A ball projct''.. Armour p'ercing
project'los wore therefore ueed in the msin test
eeties and after the e"wpostoo had been optumliawd (a) ISOPME1IC ELEVIA11('N ON 1IMPACT FACE

a subsidiary aeries of toos using bell ammuanition~
was carried out an all optimisod composite to
confirm the lower Penetrations.

The projectils were remotely firtil from a
flixed presse "ousing, bolt and barrel arrangement *~ ',Y

N fm Othe target. A photodiode type velocity - -s.~ I Cu h~r
mauigrgwsmutd.5minfront of the T u 1

target an~d this allowed t"a projectile Ve locity to-

be checked. Mesan measured velocity for ball ~bb
anounitisin 007 W/s.

After testirng target specimeons were
sectioned ams shown In Frigure Its) . This enabled
the penetration depth of the projectile to be
deterelined and the penetration pnth length could '

be Calculated by taking coordinates as shown In ~e rjt~

(b) PLAN ON S(CIONED SPECIMEN
OPTIMIZATION Or THEL CIOSTS

Tha ?wudafnWc air. of t-he project was to ri. Target sectioning
ua~iftie the target thicknes? necessary to resist
pertoration, whilst keeping the cure time and the -

impact damage to the composite to an acceptabile Values In
level. Thus the normal penetration depth. D, or Variable optiftisaticla

pentration path length. 0' , wr considered an byipro'ramem

an c*Wpsites Showed that the penetration path
rarely remained straight and normal to the isiact % rack aggregate by Weilht-K2  variable (44%-64%)
foe. The peritretime. patn lwiigth was thun of _________

tore significance in asesesing remiataLnce then the ll sano filler by weight in mix variable (1946-49%)
penet-ratir-5 'lFpth, and was therefore usall as the
design triterion in the main series of teste, rock aggregate ,m3 om, variable (9.5-37.Si

in attempting to optimisme the corr~osit a in polymer hardness, %4 Shore A0  
variable t60-85)

terms of their penetration resistance 0 ore was a _____________

large nluu~tr of independent variabi .hich had to speotalan cure teu-lorature, cC Atle,,t
be considered for each rock aggreg' a/a lestomer
combination. Thoe variables ar-t i).steid in Table uecentt eprtreocait
2. It was decided to canomntrott the main test
progrms ui the four primary quantitative Ix)
variables at the top of Table 2, and to keep the age of specimen, days I day

other secondary variables .. atant.
specimen thickness, M 152aM

Normally the optiuization procedure for
fowr varisibles would b carried out by keeping bullet velocity, eapr.80a/
three variables constant azwd varying the fourth.
Tbls woiad be rlmp * ced for each of the primal"
vmaribee in tu-n.. Thus sete of fitted equations Table 2 Qu..ntitAtive indepedent variables
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would be obtained, each in only one x variable. From Two confidence levels were examined for the
this stage, optimization can only be achieved by protective capability if the composite. The first,
examir ng general trends and carrying out experi- 80-"Ot containment, was thought to be applicable
ments on a trial and error basis. This method may where the composite was to be used for protecting
require a very large number of tests and the an existing reasonably strong structure, e.g.
inter-dependence of the variables may not be brickwork. Most of the projectiles would be
appreciated. contained, but those that were not would have their

kinetic energy greatly decreased. The second
These difficulties were ovrccne by using confidence level, 97.5-99%, was considered

a statistical method known as response surface sufficient where the composite was to be used
theory, the general principles of which have been alone, or over a weak structure.
described by Cochran and Cox (7). Details of the
application of this theory to the optimization of Using specimens of varying thickness of
rock/elastomer composites are given by Anderson optimized composites it was possible to estimate
et al (8), nd the mixes obtained from the a thickness for each composite at which 80-90%
optimization procedures are given in Table 3. containment would be achieved. Series of 20 tests

on identical optimized specimens of this thickness
THICKNESS TESTS were then carried out to check the 80-90% con-

fidence level and to predict thickness for 97.5%
-

During the optimization test series targets 99t confidence. These tests showed that some
which were expected to be sufficiently thick adjustment of the mixes obtaif.ed from the main
(152mm) to prevent perforation we 'e used. Very optimization test series was required for the
occasionally perforation occurred when the worst Polymer B/basalt and Polymer B/limestone
combination of primary variables was used, but no composites. Details of these tests and the
perforations were recorded with optimum mixes, various mix adjustmenets have been described by
When each of the optimum mixes had been identified Anderson et al (8) , and the results of thickness
it was necessary to determine the specimen thick- tests on all the final mixes arc summarised in
ness, tma, which would contain the projectile with Table 4.
a given degree of confidence.

I polymer by % rock aggregate by Rock size Polymer
Polymer type Rock type weight weight (mm) hardness

(nominal) (Shore A
0
)

xI  x2  x 3  X4

A River gravel 9 60 26.5 - 37.5 5

B River gravel 9.8 59 26.5 - 37.5 80

B Basalt 7 56 26.5 - 37.5 80
B Limestone 7 64 26.5- 37.5 80

Table 3 Mixes obtained from optimizationprocedure

Polymer Rock type % Polymer % rock Rock Polymer t. for tm for
type by weight aggregate size hardness 80-90% 97.5-99%

by weight %mm) (Shore A
0
) confidqnce confidence

X2 _ X3  _ - x4 limits (me) limits (mm)

River 9 60 2b.5 to 75 go 115
gravel 37.5 75 _ _ _ _

B River 9.8 59 26.5 to 80 75 1OO

gravel 37.5

Basalt 9 58 26.5 to CID 110 140
37.5

B Limestone 11 59 26.5 to 80 j 100 130
E, 37.5

Table 4 Summary of results from thickness tests
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SUPPLEMENTARY TEST
r  

The aggregate type affects the penetration
resistance. In particular, the harder the rock

Target Temperature Effects (as described by aggregate impact value) and the

denser the rock particle packing (described by
In practical use the composite may be percentage voids), the greater will be the

subjected to extremes of temperature and because composite resistance. A guide to the necessary

the elastower is very temperature sensitive, it thickness of composite for any rock aggregate and

was felt prudent to examine the protective for any particular confidence level is given in

capabilities of one of the optimized combin-tinu Table 5. It is suggested that the mix should
(rivcr gravei/Polymer B) at temperatures other contain 10 by weight of Polymer B (hardness 80

than ambient. Three series of twenty tests each Shore Ac), 60% rock aggregate ^f the larjest
were carried out three days aftek ,asting on available (up to 4(m maximum) and 30% sand. Rocks

identical specimens 00mm thick %So-90% confidence with aggregate impact values greater than 25 should
level). In the first series specimens, after pot be used.

curing, had been c€ol,.d in a freezer and the
average specimen temperature at testing was -7°C.
in the second series specimens were heated in an Confidence Aggregate is 5 act Aggregate impact
oven after curing and tested at a mean temperature level value betwen value leis
of +34

0
C. The third series of tests was carried

out on specimens cast, cured and tested at ambient 2S and 15 than 15

temperatui'e (+15
0
C). The results of the tests

showed that higher than ambient temperatures lad sot__ 1 ______

little effect on penetration resistance, but a 90% 12omm 105m

low terperature increased the resistance. This
increase in resistance was accimpanied by increased 95% 130ma lSmm

brittleness of the target with much greater damage .

around the irpact zone. 97.5% 14ow 120=

Contact Explosive Tests 99T 5 - 5ric 130m

A limited series of tests was carried out to
examine the resistance of rock/elastomer composites Table 5 Suggested hickness of composite

to small explosive charges. Slabs 61Omm x 6Wom x containing untested rock aggregate
8 of optimum mix of the best composite (river

gravel/Polymer 3) were cast and cured. Similar A major advantage of these composites is

slabs of concrete were cast with the same their tarly resistance to penetration. The

proportions and sire of r-eer gravel and sand as material has sufficient cohesion for moulds to be
in the cocposite slabs. removed afLer I - l houts. Static Vomplefisionl,

bendir:.i and creep tests indicated full strength

The slabs were placed on a steel sheet or was achieved about eight hours after casting.
the ground and a hemispherical charge of plastic These static tests also showed that the composite

explosive was detonated centrally in contact with was strong enough for Wmm thick panels up " 3m

the slabs. By trial and error the minimum charge square to be handled, or for the material t
required to defeat the slabs, i.e. cause free standing to a height of 10 metres.

dinintegration, was determined.

The limited series of explosive tests
Th- retults showed clearly the superior showed plomising results and this aspect of

performance of the composite over concrete. A 50g mterial behaviour shoild be further investigated.

charge caused only cratering of the composite slab

with no clacking, indicating a high tensile AOCNLWID(E.NTS
resistance in the composite. A similar charge
detonated on a corcrete slab caused complete This work has been carried Out with the

disintegration of the slab. Concrete was defeated support of the Procurement Ixecutivo. inistry
by a 12.5g charge wh.teas the w.inimm charge of Defence.

necessary to defeat the composite was 150g.
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BLHAVIOUR IF FIBER REINFORCED CONCRETE SLABS-A- UNDER IMPACT LOADING

0M. HUlsewig, E. Schneider, A. Stilp

Ernst-Mach-Institut, Freiburg, FRG

Terminal Ballistics and Impact Physics Division

ABSTRACT EXPERIMENTS AND RESULTS

The behaviour of steel fiber rein- For preliminary tests plain, normally
forced concrete slabs under impact loads reinforced and fiber reinforced concrete
has been investigated. The results ob- slabs have been produced. They have been
tained show that fracturing %nJ spaleation impacted with steel oylinders (mass So g)
eff-cts are reduced to a large exten due in the velocity range between about 400 -
to high energy absorption and the incleas- 700 m/s. A comparison of the damage phe-
ed yield strength of this material. Crater nomena (Fig. 1) shows, that plates com-
depths are comparable to those obtained pletely brake and show rear side spallat-
using normal concrete targets. Systematic ion effects already at impact velocities
tests using different fiber types and of about 400 m/s (Fig. 1,left). The nor-
dimensions show that the terminal ballistic ally reinforced plates not even brake at
behaviour is strongly dependent on these impact velocities of more than 700 m/s
parameter, due to the high yield strength in the

direction of the plate plane, however,
rear side spallation is not suppressed

INTRODUCTION by means of the reinforcement (Fig. 1,

Concrete, as a wide spread and cheap center). Up to more than 600 m/s the

building material is also preferably used fiber reinforcement prevents fracture and

for military shelter constructions. For spallation processes (Fig. i, right). In

this application its low yield strength and addition it has been found that the

its brittle behaviour are of great dib- fibers are of only minor influence on the

Pdvantage. These material properties lead crater depths. These tests show, that

to harmful spallation processes especially fiber reinforcement vell suppresses da-

at the interior of building coastructions. mage due to shock wave propagation. By.

Considerable damage might be caused, even using several different types of fibers

if -he ballistic limit thickness is not yet it became evident, that the fiber geo-

over,-ome. An essential improvement of the metry is of great influence on the ballis-

protection properties of concrete can be tic behaviour of this material.

expected, if a more plastic behaviour and Based on these results, an experimen-
an increased yield strength could be tal program for the optimization of steel
achieved. An appropriate means can be the fie reinfor ha been orme.
mixing in of steel fibers. Many investi- fiber reinforcement has been performed.

gations concerning the behaviour of such In these experiments the dependence of

fiber reinforced concrete under static the damage phenomena on fiber parameters

loads have been performed. They show,that was investigated. For this, planar Im-

the application of steel fibers leads to a pacts resulting in planar shock-wave

moderate increase of the yield strength, loads haVe been performed. The projectiles

and to a considerable improvement of the were cylinders, made of fiber reinforced

plasticity. Though this material seems to concrete, with diameters of 9 cm and

be very promising also rnder dynamic thicknesses of 25 to 30. Fiber para-

loads, only few studies of !ts dynamic be- meters have been varied in the following

haviour have been performed up to now. manner:

Therefore an extensive experimental pro- 1) Variation of the fiber content
gram has been initiated at Ernst-1ach-In- The increase of energy absorption
stitut with the objective to study the te duertostheffiers souldibe
behaviour of fiber rainforced concrete of concrete due to the fibers should be

under dynamic loads and to optimize its proportional to the fiber content. The

composition. influence of the fiber content on the
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v 423 m/s v= 598 m/s v 633 m/s

Fig. 1 Comparison of different concrete types

reduction of braking and spallation pro- Concerning the variation of the fiber
esses can only be clarified experimentally. contents, it was found, that already a
Therefore a fiber type (0.4 x 25 mm) was weak degree of reinforcement of only 2 %
used, which was easy to mix in. The degree by weight leads to an effective suppress-
of reinforcement was varied between 0 and ion of braking and spallation. Only a
10 % by weight in steps of 2 5. gradual improvement is achieved, if the

fiber content is increased up to 10 S. A
2) Variation of the fiber length at a quantitative charater~iation of the damage

constant fiber diameter phenomena at the rear side of the plates

The energy, which is needed to pull cannot be given due to extensive scatter-
out a fiber from the cement matrix is in- ing of fracture data. Therefore, thecreasing with increasing fbr legth. The plates have been sectioned. A distinct
force needed to pull out a fiber as well conical fragmentation zone can be ob-
fsrce exeedon pllt are foibe r eas ig served within the slabs, the volume of
as the extension length are both increasing which can be measured easily. This vo-
linearly with increasing fiber length. That lume of highly fragmented target material
means, the work needed fcr a complete dis- cnee as an inte tart matialconnctin i proortona tn he quiE - can serve as an integral quantfficationconnection is proportional to the squire of the target damage.
of the fiber length o

3) variation of fiber length and diameter In Fig. 2 the volLme of this frag-
mentation zone is plotted versus the

at a constant L/D-ratio projectile energy for different degrees

It is not easy to predict the influ- of reinforcement. The relation is roughly
ence of the variation of these parameters, linear, e.g. an approximately constant
since opposite effects have to be taken in- portion of the kinetic projectile energy
to account. is converted into fracture energy. The

a) An increase of the fiber length and dia- fragmentation zone is getting smaller
meter leads to a decreae of the total stir-

face for a constant fiber content and there-
by the energy absorption is reduced.

b) See consideration to No. 2.
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Fi.2Volume of fragmentation zone versus Fi. Volume of fragmentation zone ver-
impact energy for different degrees sus impact energy for di.fferent I.

of reinforcement and D and constant L/D

SHOCK WAVE MEASUREMT

14 Additional ballistic experiments have
o.--,0--, ..-m been performed in order to measure the

shock pressure profile within the target.
The experimental set up is shown in Fig.S.

ii' " -- CO,. We.m
• . / '~t -- -eu --- ..

. !J~Oouge power" /"Cyhnsr .,.. • supply

CylinderI t'
"o, ~~~J 1'-., ._..Cotbon gouge

ig. 3 ValurA of fraqgmnlation zone versus
impact eergy for different fiber
lengtbs ant con3tant D

The variation of cne fiber length at
constant diameter ghows, that a length in-
crease leads to a reduction of the frag-
"Aentation zone, too (see Fig. 3). The re- Fig. S Set-up for pressure measurement
sults obtained by varying fiber length and
diameter at a constant L/D ratio are shown A piezoresistive carbon gaugerIs mounted
in Fig. 4. The fiber of medium dimensions between two concrete slabs oi 10 cm thick-
yields best results. The effectiveness of ness each, which have been glued together.
the mall fiber is reduced due to a small The gap between the plates where the car-
stiffness and a bad adhesive strength. For bon gauge is located, Is only some tenth
tne long fiber the mixing within the con- of a mm wide, that means the full pressure
crete is not sufficiently homogeneous and peak occurs at the gauge positior.. Fig. 6
a predominant orientation parallel to the shows a typical pressure signal for an
slab surface occurs. Considering all t-stt, irpacc velocity of 150 m/s. Since the
the fiber with L - 25m mand D 0.4 - ele-trunic detection system wis triggered
was found to yield best results under at the time uf prnjectile-target contact,
ballistic loads. It can easily be mixed in the oscillogram also reveals the propa-
up to relatively high degrees of reinforce- gation time of the shock wave until it
ment. reaches the gauge. It was 25 ps aard is
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in good accordance with a wave propagation
velocity close to the velocity of sound.
Within I or 3 p's the p5 essure rises to
an amplitude of r.5 10 Pascal. The wiuth
of the pressure maximum '12 p ) corres-
ponds to the duration of the pressurc
phase at the projectile-target inter-
face.

!:ig. 6 Pressure signal

CONCLUSUON

Fiber reinforced concrete has very
good properties with respect to dynamic
loads due to its high energy absorption
and a suppression of the rear side
spallation.
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C.ONCRETE. IN DIRECT SHEfAR

* 0 Stein Sture
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QABSTRACT tangentinl *hear load to applied with respect to

)iret searexprmets o lage risaic the shear plane. Several authors have discussed the
specimens of plain concrete were conducted in k. merits cf the dirtct shear test l-41. The shear
large capacity sorvo-controlled and structural&- test has b-en found to be a valuable tool for in-
stiff test apparatus In order to assess. the pre-- yes'1tiM residual strength characteristics of
dictive capabilities of nonlinear computational materials where shear bands or fracture *ones al-
analysiis techniqueb. The objective In theme exe readY exist. It has also seem successful use for

rinets as ot o otai matria prp~rleabut studying *rterface behavior betucen soils and
rimhr e o to btestig atedefratiprnertes but structural materials such as steel and concrete.

rahe to iavesictt lod-eorato responsee b 'ea 1)
behavior one strength characteristics of a mtni- T'aapc a en~vee y'siIi
structure dubjected to the complex states of non- In viewa of these considarationg It was decided
proportional loading 'imposee. by the direct shear

test Th speimes vee ladedto ailue uder to adopt the direct shear test, not to a test for
dislacTeecomn rol an dd t nfralur load engineering properties. k~at as a miniature structrre
The complete spectrum of structure as well &aetveetebudr oniin a ecrt l
material responues vere observed including pro- controlled and where comptlex rtates of tensile

peakelaticharenin p~sti, pgt-pak tregth cracking and shear fracture cant be studied. The
ea elatchening n localition pot-pefa i strnt direct she:ir structurg teot constitutes a controlled
stansofernd and conatien ofea gldeformato enviro ma nt where the entire spectrum of the &truc-
aint a sendt anloniuevhergldna tune's and Its material's responses can be followed

a reidul stengh leelthrough the elastic, hardening plastic, fracture,

7-st-prsk. ptvain-softenmg, and residual strength
stares. Investigations of brittle and ductile

INTIObICiTION fracture transitions. progressive damage accumul-
atin and localization of deformat ion in narrow

Thi direct shear translation test has in th,. shear bands In conjunction with degrading stress-
past often been ued rather frivolouuly to oval- starin or load-displacement relationships require
uaste basic strength properties as yell as 2hear a very stable test syst=m.
stress-shear displacement response behavior of
concrete and geomaterials. It has generally beeas The general objective In this reseArch effort
asssed that tie snral and shear stresses were !,as been to cumpare the measured response behavior
uniformly distributed on the imposed shear plane, to the computationa. analysis predictions and to
Rlowever, It Is well established that both strain evaluate the cspability of the so-called smeared
and stress distributious within Initially homogene- fracture approo~h for describing progressive daage
oasold test samples are highly nonuniform durrg and frictional sliding along narrow shear bands.
the oxperiment. The magnitude of the principal If thi' is achieved in the complex enviromment Of
stresses varies sonproprtionslly In the specimen --.the direct shear test, it Is asserted that thtE
and the principal stress directions rotate with computtonal analysis algorithm can model 41lmost
respect to the material fabric to unknown extents any three-dimensional boundary value problen
during the shearing process, which In turn result Involving brittle and ductile materials. The pres-
in pronounced stress or deformation induced aniso- at paper covers apparatus description and the
tropy. The overall easel. response behavior there- experimental technique used in the project. The
fore constitutes a combined response Of a material ccaputational aspects of this Invetigation are
that undergoes brittle and ductile fracture in described in the -ompanioa paper by Willai 16).
tension and shear gliding. Proper material charac-
terization for the purpose of obtaining basic EXPERIETAL APPAATUJS
engineering properties require homogeneous strain
and stress att" In the test specimen. and these The experiments vene conducted io the high
do not exist In the direct sheer test. This test precision direct *hear device shown in Fig. 1.
is also highly saestive to boundary conditions The apparatus consaists of loading attustoirs, nurnal
and the manner with vhich a centric or non-centric and shear load reaction frames, Dnral and later&l



loading fistures shown in Fig. 2. The top and LVYT or Load cell. is compared with the input sig-
botttc-e shear box compictments shown in lip. 3 nal. If the signals are not equivalent, action is
receive 20.3 x 20.3x 10.2 ca (8: sx4 in.) taken by the servo-valve to equilibrate the two
samples of prismatic shape. In some instances signals. This is the basic feature of the closed-
the specimen width ha.i been as small as 10.2 ca loop system.
rather than 20.3 ca. The notched and un-notched
specimens were fused to the shear box compart- A Hewlett Packard 3054 A Automatic Data Acqul-
ments by means of structural -poxy and convent- sition/Control System controlled by a HP Q825 T
tonal sulphur capping compound. In order to mini- desk top c~sputer was used as the primary control
mixc a react

4
vt moment about the average shear and dnta acquisition system. The 3054 A system coss-

plane the 4h#.ar Lox is positioned in the holding talis a H' 3437 A Syste high speed voltmeter and
fixtures and apparatus support systes so that the a HiP 3497 A Data unit scanner. The data collected
applied lateral shear load and restraining action by the HP 3054 A system were transmitted to the

lie In the pla.e of i.nduced shear failure. The HP 9825 T computer and stored in tape. Real-time
top shear b(,x compartment and holding fix.',:e observations of load-deformation and strength
remain stationary in the horizontal direction behavior was recorded by means of an Esterline
during shearing, while -,hey are allowed to trans- Angus xyy' 540 plotter. The relative shear disp-
late vertically. This feeture facilitates oberva- lacement was measured by meins of two OORHR-DC
tion of dilatancy. The restaining action in the Schaevits AIVTs whose feeler rods were Inserted
horizontal direction is provided by means of a in'o the sare+le as depicted in Fig. A. T* - LVDTs
very stiff horizontal load support frame, which in were cnnected In series.
turn is connected to an extremely stiff structural
fleor by means of heavy bolts. The top holding EXPERIMENTAL TECHNIQUE AND RESWLTS
fixture together with the top shear box ccaWsrt-
sent can also undergo small roll and pitch move- Notched and un-notched plain concrete prismatic
ments in addition to the verticil translation. specimens having unconfined compressive strengths
.t present only one average vertical displacement (f') ra-iging from 26.2 .IPa to 26 MPa and unconfined
has been monitored by means of a Linear Variable teisile strength (f ) of 4.1 MP&s were initially
Differential Transformer (LVDT). It I.' planned to subjected to nominai normal stress states that vr-
use three LVDTs at a later stage in order to de- ied between 0.69 He and 6.9 Wa (100-100 psi)
fine the rotational 'ovemencs of the top portion prior to shearing. The lateral load was increased
of the specimen during and after fracture. It is in displacement control at a constant rate of
also possible to lock the top entirely against 0.05 s-/a.
rotations as well as vertical translation. The
latter can be achieved through displacement con-
trol of the vertical actua:or. Servo-controlled
hydraulic TS-actuators having 735 kH (165 kip)
capacity in the normal direction and 156 kN (35
kip) in the tangential direction verc uscd. The
bottom shear ;ox compartment and holding fixture
have shapes and stiffness properties that are - -

similar to the top components. The bottom sheerholding fixture Is supported by two rows of heavy kot teal at ,

roller bearings which allow translatory motion of
aeveral centimeters. The bottom holding fixture
is connected to the tangential load actuator by O " LtoIAs5

means of a large and stiff load transfer block
(fig. 2). The MTS control system -an operate the
apbaratus under very slow or high displacement
rates. Dynamic tests oi rock Joints subjected to iouCL

large normal stresses and large relative displace-
ments have been successfully condu ted in this Of,"

device at frequencies ranging from nearly 0 to 04 l l_/. W. -

10 Is. Figure 3 shows a schematic illustration of _ w35,*a? v ,' / ,55-
the PITS and apparatus control system. The MTS At * ,., t 1 ... :
hydraulic actuators operate independeutly in se'a- - -"'t - A

rate closed-loop control system. The Series 204 _- - -
PTS actuktors are equipped wih Series 252 servo-
valves; beries 661 fatilgue-resistant load cells; : , * "
intermal LVD)Ts; and swivel heads and bases, The . C
control console to equipped with the following
components; 430 digital indicator, 636 control
unit, 410 digital function generator, and two 406
controllers, which are operated independently.
Prior to testing a selettor of force or displace- Fig. 1 Large capasi.y direct shear
ment control for each 406 controller must be made, apparatus
Once the mode of operation has been decided, the
proper feed-back signal provided by the internal
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I Applied shear load
2 Recin-oela

2I 1 $hear load transmitting block

4 A Top reaction fre
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---- 12l - Support pins

---L 413 -1 3Roller bearings
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fig. 2 Specimen holding fixtures and shear box compartments
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The notched and un-notc'eo specimens' widths va;Ied
hetweren 1. m and 20.4 cm (4-ti in.), whereas
lengths and height. were maintained constant at
20.4 1& and 10.2 ra iW all tests. All specimens 5d,.t*rl

were swcut to final size frot over-size castings. W-- ---

The exterior side faces of the specimets were ex-
posed for visual and photographic observation.
Shear displacement measurements were obtained by
LVPTi mounted on control rods embedded in the speci- 3-01.

men through ports in the top and kottom shear box
roapartments. The spacing between the parallel rods (side view)
varied between 1.8 ca and 10.2 cm in the tests. en
one oc,'sAion the rods penetrated into the tensile
fracture gone. Figures 4 a and b show the notched 0 0
and un-notched specimens within the shear box com-
partments. The feeler-rods are shown in Fig. 4a.
The specimen eas notched at two opposite faces
with 90 and 1.27 cm (O.5 in.) deep grooves in
order to induce high stress concentrations near
th,, ends. Figure 4a also shows the finite elem..nt
mesh idealizat Inr used in moeling the notcl..d
arecimen test.

Specimen failure initiated d-o to tensile 0
cracking rather then shear slip in both the notch- -
ed and un-notched tests. This happened efore
jany shear band formation. Crack openiogs were

visible before shear failure took place in the
center regime. Cracking also took place outside (top view)
the notches, and fracture propagation from the
notch surfaces only took place after significant
crack development. Fronoun,-ed inclined cleavage Fig. 4b Direct shear box copartment for un-
cracks Later developed across the notched section. notched specime
In both specimen categcries the tensile stress
state was responsible for ultimate failure, al-
though the nominal ccmpreasqIve stress on the
shear surface was much higher ;n the un-notched
case. Tensile cracking occurred under very small
relative displacements, while shear fracture and
subsequent gliding tolk place r'der relatively . 4 4i4 .
large displacements. The shear fracture propagation
was rather slow in camparison with the tensile
cracking events. Figure 5 shows photographs of
the notched specimen prior to and after failure
and the exposed botom of the failed specimen
after test disassembly.

(specimen before failure)

(specimen after failure)

Fig. 4a Direct shear box compartmnt for Fig. S Failu's behavier of notched concrete
notched specimen and LVDT gag rods specimen
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tos

fit. 5 [continued) Failure behavir of notched REATV LATERAL. DOPACrVIT~t.0
concrete, specimen

NC, debonding was observed between specimens Fi.6Sersrs-eaiedslcmn
and shear box compartmonto afterthe. tests. loth ri.6Seapotres-relativef displcesetme
speimen categories exhibited nearly linear (nominal ne or frs nothe V peA) e
elstic behAvior bef Ore reAching peak strength.(nmalnrlstes60i's
The nonlinear shear stress-displacement response
to most pronounced in the um-notchrd specimen. "tUpon continued %hearing the lateral force. decreas- f
ad In both specimens until a residual strength
level was reached. The rate of softeningt and the
rteidual strength levels are quite different due
to the applied normal loads which were 14) kNIE n 7
the un-niotched case. which resulted In a nominal
normal stress of 6.9 M~a (1000 psi), and 24~.9 bJN
In the notched case. which resulted In a nominal
normal stress of 0.69 HP& (100 psi). The residual
frictioll anile to I in both CAses VA% found to 1,e
Mo. The istick-oll. pattern on the shear stresit-
shear displacement response curvest shown in Figs.

6ad7idctsthat shearing and crushing of ~:
clastus are far more pronounced for the high

conineentun-notched specimen than for the low4
confinement notched specimen. The un-notched spei- h
men was subjected to a small unloading.-reloading
cycle at approx. 702 of peak strength and signO- 3
ficant permanent inelastic deformation was observed.
It should also be noted that the relative displace- M
ments were recorded by baving the LVOT measurement
rods J.3 cu apart irk the notched specimen test and 2
IC.? co apart In the un-notched specimen test.

The apparatus and test specimen configuration I
was eteentially stable throughout the shearing
process. although energy releases in the post-peak
strain-softening branch of the stress-displace- -0_______

sent response diagram Indicate rate Increase*. 0 3 6 9 1 5 i 1 2
Real-timte ayy* plot$ of the events also Baye this 0 3 4 9 1 S 1 1 2
impression. Nlevertheless. It is maintained That the MKlATIVE~ LATKAAL DISPLAtCDEDtM 10-1
strain-softening branches In figs. 6 and 7 repre-
sent true behavior of the concrete miniature
structure subjected to defined boundary condi, ioos. fig. 7 Shear stress-relative displacement

response behavior for un-ootched specimen
(nominal normal stress 6.9 Wa)
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CONCLUSIONS

It has been demonstrated that the direct shear
teat may constitute a favorable environment for
evaluating load-displacement as well as nominal
shear stress-relative displacement response beha-
vior of small prismatic or other regularly shaped
miniature structures of concrete or geomaterials
for the purpose of calibrating computational analy-
sis procedures as well as constitutive models.
The prismatic direct shear specimen is subje.ted
to complex stress states that vary throughout the
experiment. issues related to tensile cracking and
shear gliding as well as their interactions can
be investigated in this teat. The computational
considerations associsted with these experiments
are described by Willam [6].
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ABSTRACT the structural tApology which simply overtaxes
current computational facilities. Moreover. the

'te ain purpse nf this study is to assess specification of the underlying criteria for
the current computational methods for predicting fracture initation and propagation as well as the
the failure behavior of concrete Jrnd geomteriais definition of prevalent Interface conditions
In the form ol tensile cracking and frictional introduce additional constitutive difficulties
slip. The paper concentrates on the pedk and similar to the softening formation in the
post-peak response of plain concrete in shear smeared approach.
which is modeled by thel'smeared'finite element
approach in which localized failure zones are dis- As a result of these controversial issues it
tributed over a finite material region with soft- Is mandatory to scrutinize the shortcomings and
ening material properties. The computational limitations of the smeared and discrete failure
results are compared with experimental observa- models in the light of exrerimental evidence. To
tions of plain concrete specimens which are tested this end plain concrete specimens were tested in
in the large capacity servo-controlled direct the large capacity direct shear apparatus which
shear apparatus described by S. Sture In the was developed by S. Sture at the University of
companion paper Colorado, Bouldpr El] and which covers the full

spectrum of tensile crackng and frictional slip
/INTRODUCTORY REMARKS modes of failure. The direct shear specimen forms

in reality a structural configuration rather than
In view of the importance of ductility to a material saple because of the non-uniform state

structural safety a comprehensive research project of stress resultinJ from the complex boindary
was recently initiated at UC, Boulder to examine conditions as well as localized material failue.
different forms of local material failure and In fact the servo-controlled test set-up
their effect on the response of the overall struc- reproduces the stress transfer of highly
ture. The main purpose of this work is to scru- Indeterminate structures and covers the entire
tinize the value of the current computational response regime including the post.peak behavior
strategies to predict progressive nterial instab- down to the residual strength response.
ilities withir the structure up to collapse of the
entire configuration. Considerable criticism was RELATED RESEARCH
voiced In the past whether the so-called "smeared
approacho was capable to provide reliable predic- Due to rapidly increasing demands in computa-
tions of stractural failure. This computational tional mechanics and the-electronic revolution in
strategy is normally adopted because the complex testing extensive research efforts are currently
fracture process can be readily accomodated within devoted to investigate failure in three areas:
tradititnal procedures for nonlinear material
behavior In the form of an equivalent strain soft- 1) Hicromechanics of the underlying ductile
ening moJel. In this way progressive material fracture process
damage may be accounted for in a conventional
finite element program In the form of an averaging (i) Constitutive modeling of the material
technique for highly localized deformations, behavior for smeared and discrete failure
discrete cracks and shear bands within the studies
structure.

(iii) Analysis'of structural failure within the
Clearly local material failure implies in smeared strength of materials and the

reality a change in the topology of the struc- discrete fracture mechanics approach
ture. Therefore, the alternative discrete frac-
ture approach incorporates these discontinuities For brevity only those contributions are
right from the beginning within the structural cited here which are of Immediate concern. The
idealization. However, in three-dimensional com- direct shear test is probably the oldest and most
ponents, the discrete fracture analysis involves controversial experiment ever since it was adopted
definition of an Initial fracture surface and by Coulomb to study shear in soils. The under-
-dheNuent propagation with continuous changes of
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lying morphology and mechanics of discontinuities computational studies relied on the alternative
in the failure zone were examined among others by smeared failure approach. The essential short-
Morgenstern and Tchalenko [2) in overconsolidated coming of this strategy was retrofitted only
clays. In a recent paper Vallejo [3) recognized recently by Bazant et al [15, 16) who adopted the
that th . development of shear bands is the result fracture energy concept in order to account for
of different crack discontinuities rather than size and gradient effects. The strain softening
uniform frictional slip. Tn fact he claims that branch for tensile cracking depends in this case
the foviatiot of crack discontinuities precludes on the mesh size in order to insure mesh-independ-
application of the Coulomb failure theory or ent release of fractitre energy as failure propa-
alternative contirtuum models. Based on linear gates. For friction.l slip and the mixed modes of
elastic fint;e element analysis of the direct failure a rational concept for simult3neous soft-
shear test Kutter (4] noticed previously that ening of the cohesive and tensile strength values
tensile stresses remain Insignificant for ratios is still missing and ii therefore an immediate
of normal to tangential loading N/T >1. Moreover, objective of the current investigation.
he observed for the field of rock mechanics that
the direct shezr experiment on solid Itest samples COMPUTATIONAL STUDY
is really not meaningful since the direction of
initial slip surfaces does not coincide with the Preliminary results of the current research
enforced direction of failure. As a result the were presented in ref (17] which contained a
direct shear test is certainly not the simple detailed substructure analysis of the entire shear
material test originally intended and thus box. The purpose was to define appropriate bound-
requires a full stress analysis of the specimen ary conditions for the octual test specimen which
similAr to realistic structural components. was sheared under displacement control in order to

capture the softening regime (relative tangential
Palmer and Rice [5) adopted a discrete frac- displacements between the upper and lower halves

ture mechanics approach for modeling the behavior of the shear box). Fig. 1 shows a typical finite
of concentrated shear ba nds in order to interprete element idealization of the entire shear box which
strong size effects. On the computational front iicludes the notched concrete specimen, the
Cleary and Dong presented recently a discrete capping compound, the steel box and the loa tng
interface model for failure in geological mater- frame.
ials [6] coabning finite elements with a surface
integral technique considering the effect of a In the main portion of ref 17] experimental
stationary shear band along a predetermined zone data ot the direct shear test were compared with
of weakness. the finite element solution using the smeared

approach, One principal outcome of this study was
A fundamentally different approach was pur- that the direct shear test of concrete was in

sued by Rice et al [7,83 who studied the localiza- reality a tension test for the ratio of normal to
tion of deformation into a shear band in the form tangential loading N/T - 1/6 at failure. More-
of constitutive instabilities in homogeneous over, the shear test specimen behaved like a
deformations. Following the mathematical theory structural component with considerable redist-ibu-
of bifurcation And uniqueness due to Hill they tion capacity because of contained material
established conditions for material stability and instabilities due to the confinement of the shear
found % high sensitivity with regard to "normal- box. The Mohr-Coulomb model with tension cut-off
ity" and rate effects. Along similar lines in Fig. 2 (18) reproduced fairly well the overall
Vardoulakis [9, Vermeer [10) and Darve [11] resoonse behavior shown in Fig. 3 with material
determined very recertly the critical orientation parameters which were obtained from separate
of shear bands In simple test configurations. In material tests. As a result, the direct shear
analogy to the linearized buckling analysis of test could be utilized to verify the computational
structures these material stability studies yield strategy for predicting structural response
the incipient failure mode for a homogeneous behavior in the pre- and post- peak regime.
deformation state. However, in this form they Clearly, the smeared approach did not model the
provide no insight into the redistribution capa- localization of deformation into the discontinuous
city and reserve strength of realistic structures failure band shown in E17]. however, it was able
with slow contained propagation of material insta-: to capture the stress redistribution and the
bilitles within complex structural configurations, propagation of material failure in the form of

tensile cracking and frictional slip within the
On the comutational front It is intriguing structure, see Figs. 4 and 5. Although the

that the first finite element studies of reinforc- fracture energy concept for tensile cracking
ed concrete structures followed the discrete crack furnished a rational concept for strain softening
approach, see e.g. the state-of-the-art report in as function of mesh size it did not resolve the
ref. [12). Recently, this methodology has been fundamental short-comings with regard to
newly interpreted in terms of the underlying frac- localization. Moreover, a comprehensive theory
ture mechanics concepts by Hillerborg et al [13). for different fracture modes is still lacking, in
Ingraffea et al [14] developed on thit basis a particular for mode #2 type shear failure which is
discrete fracture analysis program for two-dimen- of primary interest in this context.
sional applications with sophisticated interaci'-

remeshing capabilities. However, the bulk of To this end a series of direct shear tests
are currently on the way which are described in
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I
the companion paper [1]. For fferent N T to tli' direction of minor pri ncipal stress and a

' loaing ratios the riti:v failure ,spectrum is horiz,)ntl mode of frictional slip develops only

covered from predominantly tensile cracking to in thi. final state of shearing. As a result this

frictional slip. example demonstrates som of the limitations and
capabilities of the smeared approach.

The study belo shows computational results
for the second test series. The particular case CONCLUDING REMARK(S

Is examined in which the shear box is preloaded
with a constant vertical pressure of Pn - I ksi The computational study clearly illustrates

which corresponds to a load ratio of N/T - 1 at the comlex failure mechanisms of plain concrete
failure. The idealization of the shear box is subjected to shear. As a result the direct shear

shown in Fig. 6 with 129 plane strain elements test is not a simple experiment for determining
Interconnected by 1105 degrees of freedom. As the stiffness and strength characteristics of a
before (17] the shear specimen as well as the material, it is rather a structural configuration
shear box are included In the idealization in in which considerable itress redistributions take
order to ensure centric application of the targen- place in the pre- and post-peak regime. Within
tial force in the prevailing shearing plane. The limits the smearid approach nodels fairly well the
initial test set-up was slightly modified to propagation of local material Instabilities due to
accomodate test specimens of different width. tonsilt cracking and frictional slip within the
The actual size of the hexahedral specimen is In structural configuration. however, It does not

this case LNHtW - 8.0 x 4.5 x 3.0 in. The con- reproduce the localization of di;continuities

crete specimen is fastened to the steel box with failure zones except for a continuous band of
an epoxy layer which assures full bond even on the failed elements with similar orientation of the
tensile side walls. The material properties were individal fracture planes.

determined with a series of independent uniaxial
and triaxial concrete tests yielding the following ACKNOWLEDGEMENT
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SHAKING TABLE TSIS TO EVALUATE THE LIQUEFACTION
POTENTIAL OF NEAR SURFACE SATURAITD SAND DPOSITS

Shaun F. Mason
William E. Wolfe

The Ohio State University
Columbus, Ohio

ABSTRACT sand. The fomulation of such an analytictl model
,he desig and impleentation of large- requires a basic understanding of the liquefactionscTle testing equipment for liquefaction phenomenon, with a clear definition of &ll factors

studies of near surface saturated sands Is involved, and an accurate representation o! the
reported. The test results can be used to important soil characteristics. However, since
determine material properties required for the there is relatively little field data availabledevelopment of constitutive relationships on liquefaction, the material constants and co-
capble of describing the behavior of satur- efficients which are needed are determined from
ated sands during dynamic loadlio laboratory tests. Therefore the accuracy and

applicability of any analytical method can only

Specirens of saturated Ottawa sand 16.5 cm be determined by evaluating how accurately the
by 15 cm by 122 cm were tested and msurments laboratory tests used to obtain the important soil
of sample pore water pressure and accelerations properties actually simulate field conditions.
taken during shaking. Results -if the liquefac-
tion tests have shown that, although qualita- In the early stages of laboratory reseirch
tive agreement Is achieved between the results work on soil liquefaction, the standard triaxial
of this prod;am and those obtained in earlier test apparatus was adapted for cyclic testing
investigations, the onset of liquefaction as since It was and still remains the most widely
measured in this study takes place at much used laboratory device for measuring strength.
higher stress levels than previously reported While such tests are relatively easy to perform,

pv sthere are several features of the cyclic triaxial
test which restrict the applicability of results
obtained from tests using the device. These fea-

INTRODUCTION turas include: stress concentrations Introduced
by the Sample cap and base, redistribution of

The cyclic behavior of soils has attracted water content within samples, necking of samples
considerable attention and extensive research on the upward stroke, variation of the inter-
over the last two decades, due mainly tc the ",,ac principal stress, and rotation through aextensive damge observed in the Alaska vid full 90' of the major principal stress direction
Nilgata earthquakes in 1964 (1), and to thi more during loadig. An Improvement over the triaxial
recet findings on the detrimental effects of test is the cyclic simple shear test. In this de-
blast-induced liquefaction (2). Liquefactloo, as vice samples are horizontally sheared In alternat-
the term is used in this report, describes th ing directions by applying a she p stress to the
complete loss of shearin strength of sands re- top and bottom faces of the sample. The simple
sulting from an increasetn pore water pressure, shear device clearly provides stress conditions In
This Increase in pore water pressure is produced the laboratory closer to stress conditions in the
by vibratory loading under undrained conditions, field. However, it also exhibits certain !mndesir-
Cyclic shear stresses induce saturated sands to able features Including: stress concentrations
compact, but compaiction canrot occur ut-der un - - around the central aone of samples, complimentary
drained conditions, and this leads to a transfer shears not being developed along vertical faces of
of part of the stress from the sand grains to s~gples, and re-orientacton of principal stress
the interstitial pore water. Continued Cycling diretim.- causir,g patches of high and low stress
can lead to increasing pore water pressure up to along the top and base of samples.
the level of the initial confining pressure. The
resistance to liquefaction for sands has been Since the small-scale laboratory tests for
related to ,any factors but his been found to be determining liquefaction potential share the
primarily e function of the relative density' of problem of close-in boundaries adversely affecting

the initial effective confining pre S. sample behavior, the use of larger samples wouldthe Sand, tseem to be the best way of modeling 'free field
sure and the intensity of vibration, conditions In a sizeable volume of sand. Thus

A complete investigation of the behavior of larpe-scale tLst'.ng devices were introduced which
saturated sands under dynamic loading would ulti- could be mounted on a shaking table, and thus
mately take the fore of an analytical model based provide an excellent means of applying the required
on fundamental stress-strain relationship for cyclic shear stresses to sapples. Another advan-

tage with large-scale tests Is that small trans-
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ducers can be placed Inside samoles to record the total weight. Samples were built while supported
pore pressures, etc. without noticeably affecting by retractable inner side walls, which after apply-
the sample behavior, Several Investigations have Ing the confining pressure to the sample could be
hPen performed using large samples mounted on draw, back, enablino the specimen to deform free-
shaking table; ncluding programs at the University ly upider shaking in plane strain conditions. Sew-

of California (3) and at the University of British eral holes were drilled through these !nner walls
Columbia (4), in the tests uerformed at the allowing transmittal ef confinhig fluid to the sam-
University of California, Seed et &l. subjected ple (see Figure 1). Iwo separate fiber reinforced
samples to time varying motions on a shaking table. rubber membranes were used to seal the specimen,
Samples measured 90 Inches long by 42 inches wide one flat sheet to seil the top of the sample from
4 inches high, and had sloped sides to avoid con- the lid and a long open rectangular big-shaped

tact with rigid boundaries. A steel-shot ballast membrane to seal the base and sides of the sample.
was p...ed over the sample to add mass and simu- Sealing the top of the sample separately frnm

late a further 6 inches of sand, thus achieving the sides enable anisotropic confinment to be
shear stress levels sufficient to liquefy the applied if required. The confining flaid (water)
samples. However this ballast was enclosed in a was suppiled through inlet ports In the outer side
riglo boundary on four sides, was separated from walls and lid of the chamber, and bleed lines were
the simple by a membrane, and contained a material provided at the top of the side walls and lid to
of much higher density than the sand. The authors let out any trapped air. A drainage line was in-
believe that this ballast did not effectively sim- stalled in the base of the chamber to allow consol-
ulate a thicker layer of sand, but rather acted idation of the sample under the stati confining
as a 'dead weight, inducing faster buildup of pressure. This drainage port was sealed from the
pore water pressures. confining fluid by screwing down the membrane Into

the chamber base using a walher. Fixing the washer

Thus the main aim of the work reported around the drainage port then sealed the drainage
herein was to design a testing system which could hole in the membrane. A thin mat of highly perm-
operate without the use of a ballast, and could eable plastic material was glued to the lower
apply either isotropic or geostatic (ko ) confine- membrane along the chamber bise to ensure uniform
went to samples, sample drainage.

TEST APPARATUS In order to record the behavior of the sample

before and during liquefaction, instrumentation was

The basic criterion followed in designing designed to measure sample pore wate- pressure.
the apparatus used in the testing program des- sample accelerations, table accelerations, and sam-
cribed below was to make an assessment of the ple displacement relative to the chamber. Tha

merits of previously used large-scale equipment, table accelerations, pre-programed using an MTS
attempting to improve upon their ability to Sig- electro-hydraulic contruller.actuator, w,3re
ulate f e field conditions, and to incorporate recorded by an accelerometer which was permanently
newly deveioped miniaturized transducers. The mounted to the shaking table. All measurements of
test chamber or "box' designed by the authors is sample pore tater pressures, displacements and
illustrated in Figure I below, accelerations were made in the middle third of the

sample length, as shown in Figure 2 below.

W..

fio:re I Test Ckamber mounted on Shaking Table
with iid removed.

Figure 2: Relative Positioning of Instruments

Test specimens measured 1!2 ca (48 inches) long by in specimen
15 cm (6 inches, wide by 16.6 cm (6.5 inches)
high, giving a length-to-height ratio in the order Acceleration of specimens were measured by two
of 10:1 as proposed by Arango and Seed (S) for miniature accelerometers placed at the one and two

minimization of end effects. All parts of the third points of the samale height. This position-
test chamber were made of aluminum to minimize the ing would indicate any variation i, sample acceler-
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ation as a function of depth as pore prp~jqres In. removed to examine the liquefied Sample%.
creased and liquefaction initisted. A linear vari-
able displacement transformer ILVDT)was mount-
ed on the side of the ch.mber to meanure the dis-
placement of the simple at oid-height relative to
the chamber.

Based upor. the assumption that the measurement
of pore water pressor, ;In samples Is the most Im-
portant rt.cord for in.1cating the onset of lique-
faction. a total of six transducers were used to
monitor the dynamic pore pressures. The trans
duWceS Were Placed as ;hown In figure 2. The
porp. pressure tansducers were modified so that
sample pore pressures could be meastired
without placing the transducers in the sample.
This was achieved by sealing a flexible six Inch
needle in the pressure sensitive port of each
transuicers. and then feeding the needle through
the chamber wall and membrane Into the center of
the sample. The needles were sealed 4t the chamber
wall and membrane using a silicon rubber sealant. Figure3: Sealing of tar membrane over sample
Thus pore water pressures were measured in the su:*face
sample at the point of a needle and transmitted ESNAI ORSUT
to the transducers outside the chamber. All the RSNTIiORIUS
data measured by the Instruments during tests was Terslso et efr,~ ntresm

raerdte.n!soe iial o nlssa ples of saturated sand are presented. The data
latr tmefor each sample are given In Table 1.

TEST PROCEDURES - - -

A uviiform Ott.wa sand (Cu.l .1S) was used for Sapl r 8 00 I0/ I.
all test; carried out on the shaking table. The - tI
&and was saturated by boiling under a vacuum using 1 56 1.0 12.0 1.20 0.27 130
dr-aired water. The sand was tl'ei plecea into the I 2 61 0.gg 1.5 1.24 0.,8
specimen chambair under water in layers at zero I
drop height. The miniature accelerometers were I2, S4 1 1.0 0.7 8.50
placed by hand and gently covered over with fur-
ther layers. making sure not to displace tM.
sensitive axis off the laorizontal zero-readlng 'able 1. Sample test data
rosi'ion. Ext,-i care had to be taken1 in keeping
air out of the s nd when p'..cing the finalI layers Wheie: Or is the relative density in percent-, I is
-if send as there was only about a %ainch of water Semtvpoersuepaa tr;Nipakh-
above ti., fnishvl '.ueface of the aples. A Skent po~eresor* i pacceertI duea togr-
-oller 1ev-ce which could !'e mated along the otlAcerin;91aclrtondeogew
chamber wall% was used to smooth off the sample Ity; i is shear stress on a horizontal plane, '6 is

suf%*i -h orc height. inta 4fciv onfining pressure; N Is the
surfae at he ~ornctnum'ber of applied tr'ss cycles to reacl iiquefac-

Nsvirg rrepared the sample, the top nembrant tion
was paced over the sample surface as shown In Figure 4 presents results of the pore pressure
Figuee 3. ar.'2 t"e lid bolted down *,) seal 0te

swp.-andt.Infnig fui. W rerunnin~g a test response for sample 2 at three different times dur-
the samip' stur o nwass...asureu by increasing i ng base excitation. It can be seen thot when the
the contnliu vrms~vre apo1 led to the sample in pare protsure tiae history Is siserimposed on the
steps. taking aeasure--ents of the sample pore on the sample acceleration time history. that both
water pressure each :t~p. ijnco the confining records are harmonic, and that accelerations tre
pressure was applied, the Inner walls could be leading pore pressure. Peak pore pressures are
drawi back to leave the sample free standing. reacted at zero horizontal acceleration. i.e. when
With *a desired total confining pressure appiled s hear streises ', the sample are zero. The in-
to tne sample, the required effective confining crease In the mean pore water pressure as a func-
pressure was produced by allowing water to drain tion of number of stre~v cycles Is shown for Sam-
from the sample, reducing the sample back prossure. ple 2 in fiqur! S. In thli: figure it can be seen
Total confirement in testi. was limited to 5 p.s.i., that the rate of pore pressure Increase is fairly
with effective confining pressures ranging from uniform for the mjori!v of the test. However,
3/4 p.s.i. to about 2 p.s.i. All tests were run when the ratio of induced p'ore pressure to confin-
at a frequency of 10 Mii. with accelerations in the ing pressure reaches approximaely 0.7. there is a
order of 1 g. Each simple was vibrated for 150 sharp rise in the rate of pore p.-.ssure incres~e
seconds and all the Pecesiary data recorded. which leads to liquefaction in few additional
After each test the lid and top membrane ware cycles.

1.99



CONCLUS IONS

A new liquefaction dtv ice ht s been deoelo

~III~hJJ ~L111AA~at The Ohio Statea University for Laboratory
- ,hak.ng table testing of sane samples. This equip-

ment provides control over the main factors which

l i , ~affect the behavior of sand under dynamic load-

ing. The test conditions create? are thought to
give a closer representation of actual field con-
ditions than ha! sooe equipment used In previous'

Filre 4: Samples of Pore water Pressure Investioations. The tests described herein have

variation and table accelerations, provided remw info,'ation on liquefactio. potential.

Sample *z. While test result!; agree qualitatively with pre.
vious Investigations, they do indicate a higher
resistance to liquefaction than that Indicated by

othe researchers.

It is felt that the primary reason for the
difference in quantitative results presented in.l Ithis paper and those of De Alba et. a1. is the geo-
metrv nf i)e Alba's testing device where boundary

-..- -' c onditions might have caused a mure rapid increase
in pore water pressure than would be expected un-

, .- der field conditions. Therefore coar,ent practice
which consists of modifying the results of standard
laboratory tests to make them consistent with the
"more realistic" large sample shaking table tests

may result in underestimating resistance to failure
by liquefaction. A comparison should be made with
the liquefaction behavior of sands predicted by an-
alytical methods under similar conditions to assess

Ftur 5 Pore water pressure response, the applicability of the results obtained in tests.

Sample #2, Dr - S6%. Future tests should include more locations where
pore pressures are measured in order to better de-

Neither the pore water pressure transducers temine whether or not pore pressure increase actu-

nor the accelerometers located in the simple indi- ally is uniform throughout the sample as these

cated any variation in the measured values a% a tests indicate. It is further recommended that ad-

function of location of the instrument durin 9 any ditional tests be performed on a variety of sample

of the tests conducted. The results of the pro- types under both isotropic and anisotropic stress
gr&i repotted herein can best be compared with data conditions in order to substantiate the results of
obtained from other investigations by normalizing the Initial tests presented herein.

the cyclic shear stress with respect to the initial
mean confining pressure, In Figure 6 are shown the REFERENCES
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ANALYSIS OF BURIED REINFORCED CONCRETE ARCH STRUCtUR'S UNDER DYNAMIC LOADS
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ABSTRAT

A dampe4 single degree-of-freedom model was
developed o represent the qross dynamic behavior It 4 4 I Cos 26
of shallow buried reinforced Concrete arches o
Subjected to specified nonuniform pressure
listributions. Structural parameters were
developed for a generic structure based upon
available Information in the literature and first
principal calculations. Valuei of maximum crown
deflection, calculated from numericAl Irtegration
of the t.iferentlal equation of motion, were
compared with similar results from field
experiments. Results utilizing structural # s
Parameters selected on this basis of the t
reconmendtitrns in this study provide the best
agr mefit

INTRIMUCTION

The objective of this study was to develop a
single degree-of-freedom model capable of
representing the gross dynr.n - behavior of
shallow buried rdin' irt ,i concrete sea-circular
arches subjected to s,-c,fied input loadings
resulting from the a4oli:ation of superseismic
airbilast loadinqs at tei g-oUnd surface.
[mp.asis was placed on large deformation behavior
approaching collapse. The soil was assumed to be Figure 1. Circt-lar Ring Subjected to
dry and cohesionless. Nonuniform External Pressure

BASIC THEORY

In order to analyzi a shallow buriec They give the following results for the intert,al
structure, It is necessary to know the input load thrust (N), shear (V). and bending riomnt (N)
to the structure. The input load is not simply a resulting frcm the pressure distribution ShOwn in
function of the overpressure applied at the Figure 1
ground surface. It is also related to the
flexibility of the structure, the characteristics
of the soil type, and perhaps the depth of N . - qR * ?aCOSe (1)
burial. Oeterminatlon of the input load for an
arbitrary loading function at the ground surface
is beyond the scope of this study.

V 4. - sin?, (?)
Crawford, et al. (1974) suggest that the

general form of the nonuniform pressure
distribution shown in Figure I is representatIvo _
of a large majority of the actual loads 14 (3

encountered in the analysis of hardened buried
cylinders. Their analysis for cylinders Is
directly applicable to fixed seml-circular arches.

I.i'!



where q is the nacnitude of the uniform component nonuniform component of the applied external
and F is the maximum amplitude of the nonuniform pressure are known. For the purposes of this
component of applied external pressure. In this study an assumed 5(t) will be utilized. This
formulation the total nonuniform pressure function can be obtained experimentally from
distribution, P9, is given by interface pressure measurements in a dynamic

structural test. Equation 4 indicates that
P = q + pY at the crown and P - q at

P0  q + p cos 2o (4) o - * 45 degrees. Thus, interface pressure
measurements at these locations completely define
the two parameters of the assumed nonuniform

Crawford, et al. (1974) also indicate that pressure distribution function.
the elastic otflectlon of a perfectly round ring
subjected to the nonuniform pressure distribution STRUCTURAL PARAMETERS
of Figure 1 can be approximated by

The structural parameters from Equatihn 6
-4 which require specification are , M, R(ac),

a. = cos 2. (5) and k. These parameters are developed for a
generic semi-circular reinforced concrete arch
with the haunches rigidly connected to the
floor. The assumed dimensions and material

SINGLE DEGREE-OF-FREEDOM MODEL properties are as follows:

The maximum crown dEflection relative to the Radius, R . 47.2 in
support motion, ac, is chosen as the single Hajnch thi knees, t . 6.3 in
parameter representative of the general arc)- Depth of .ver at the crown = 23.6 in
response. The dynamic nonuniform, but symmetric, Dense dry cohesionless soil
pressure distribution specified by Equation 4 is Concrete strength, fc - 4500 lb/in 2

assumed to obtain and the first symmetric Reinforcement steel yield strength, fy
flexural mode shown in Figure 2 is assumed to 60,00 Ib/in2
govern. Steel percentage, p 1.45, each face

Depth of steel cover 1.165 in, each face
Sufficient shear reinforcement is provided

to preclude shear failure.

Higgins, et al. (1981) presents results from
extensive dynamic soil-structure interaction
experiments on test structures resembling scale
models of nuclear containment vessels. The
reinforced concrete test structures were embedded
in dry cohesionless soil from 25 to 200 percent
of their height and were subjected to explosively
induced ground motions which simulate the strong
earthquake excitation of full-scale systems
(structural accelerations in the I to 10 g

Figure 2. Theoretical First Symmetric range). They observed that damping was uniformly
Flexural Mode high, typically 10 to 20 percent of critical

damping, at the high displacements corresponding
to strong motion earthquake response. lhey

A viscously damped single degree-of-freedc n further observed that damping typically increased
system can be utilized to represent the s~ecified with response level. Based upon this
conditions. The response of this systr.m is information, the large displacement interaction
defined by the following differential equation of associated with shallow-buried arches loaaed
motion: close to failure should be highly dissipative

with a damping ratio of 20 percent or more.

M ;c + 2B 'kM ic + R(d,) - Pit) (6) The effective mass of the shallow buried
arch system can be developed utilizing energy

considerations. Crawford, et al. (1974) indicate
where M is the effective mass, s is the damping that a single load-mass transformation factor can
ratio or fraction of critical damping, k is the be utilized to convert a distributed mass system
stiffness and R(ac) is a generalized resistance into an undamped single degree-of-freedom model.
function. They indicate that the value of the load-mass

transformation factor ranges from 0,66 for a
Solutions can be readily obtained for uniformly distributed load to 0.33 for a single

Equtlton 6 through the tse of standard numerical concentrated midpoint load on a beam of uniform
integration techniques if the system parameters mass loaded plastically. The system under
and the time varying maximum &iplitude of the consideration consists of a uniform circular
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tean,, with nonuniform depth of soil cover and It should be noted that the load in this figure

spatially varying load. The amount of soil which is the uniformly applied surface pressure rather
should be included in the analysis is not known, than the maximum mplitude of the nonuniform
but the full amount is commonly utilized for the component of the external pressure applied to the
analysis of shallow buried structures. A arch. It appears that the surface load versus
detailed analysis is not considered appropriate crown deflection curves are generally parabolic in

because of the large uncertainties associated shape and that they are a linear function of
with the formulation. A load-mass trinsformation R/t. The surface load versus crowr, deflectior.
factor of 0.5 is probably adequate for our curve developed for R/t equals 7.5 (the value of

purposes. Utilizing this value, ar equivalent the generic arch under consideration) is given by
mass equal to 0.0045 lb-s 2lin3 is obtained
for the combined mass of the reinforced concrete F - - 10,000 (a - 0.18)2 * 324, lb/in 2

section and the average value of the soil cover c
for an asrumed straight beam extending from a for 0 4 a u O.IQ in (7)
equal * 45 degrees.

The resistance function can be derived from
one of two possible approaches: evaluation of Assuming that the uncracked moment of inertia is

available experimental data or fundamental applicable because of the presence of the large
analysis of the reinforced concrete axial thrust and that Equaton 5 remains
cro~i-section. Axial lOdds contribute arplicable at large deflections, j" is found to be

siqnificantly to the maximum resistance ano equal to 26 lb/i for the generic section at a
beam-column theory is appropriate for calculating crown deflection of 0.18 in. This value
this value, corresponds to a surface overpressure of

324 lb/in2 . Because the response is well
Meyer and Flathau (1967) present outside the elastic range the calculated value of

experimental data for the response of p" may be low by a factor of 2 or more.
unreinforced concrete fixed semi-ci-cular arches
buried in dry sand. Their data generally support UtIliz'ng beam-column theory for reinforced
the assumptions made in this study with regard to concrete sections, see any standard text, the
load distribution and general arch response. ultimate bending moment and thrust at the balance

Figure 3 presents measured load versus crown point for the generic section are found to be
deflection curves for static tests on arches with approximately 35,400 In lb/in and 11.80O ib/in,
R/t values of 3, 6, and 12. respectively, when the static strengths of both

the steel and concrete are increased by
approximately 20 percent to- Account for the
influence of dynaric loading. Assuming that the
section will try to respond at the balance point

and that Equations 1, 2, and 4 are applicable,
, values of I equal to 48 lbiin, , equal to 265

JF T' T T ( m7 Ib/in2, and P equal to 313 Ib/i4 are
... .. 4- _ . . ... Im _ - - obtained.

Anderson, et al. (1966) suggest that the

1 t mcrown deflection at ultimate load for a concrete
... _ ._.failure strain of 0.003 can be calculated from

- 1E 7) fr Rit 'o. 2 1 87 00

87, 
-

fy

:J. l o xt. Utilizing the above results for ] and q, a value
I I a iUt - of 0.12 In Is calculated from Equation 8 for the

... .- . . -. ---L, 1 I L I __ __generic arch. The calculated values of
em .002 0.0 ox0060 oW o0 0 . o.x its 0. o (a)Ult and P are seen to be on the saw.

. .* order as the previously presented experimental
data of 0.18 in and 324 iblin?, respectively.
Utilization of an increased values of the

Figure 3. Static Surface Load Versus Crow concrete failure strain would further improve the
D eflection After Meyer and Flathau agreement.
(1967).

121



Park and Pauly (1975) recommend utilizing an
idealized elastic-plastic approximation to the +6000
moment-curvature curve for a reinforced concrete N

section- Moment-curvature can be converted to
load-deflection through the use of Equations 3
and 8. A proposed idealizeJi elastic-plastic -

approximation to the load-deflection curve is r
shown in Figure 4.

+2000G

Membrane
Action

ult 04

15 Ib/in
2 /in
S--2001C_ _ _ _ _ _ _

k k 0 0.002 0.004 00 0.008 0.010
Time, s

Figure 5. Typical p(t) Curve
Crown 'eflectlon, 6c

Figure 4. Idealized Elasto-Plastic Approximation This loading function was utilized for all of the
to Resistance Function calculations in the sensitivity analysis.

Haltiwanger and Hall (1979) have shown in a
similar study of a shallow buried box structure

Rult and k can be arbitrarily defined. The that the solution of Equation 6 is most sensitive
slope of 15 Iblin2Iin is included to represent to the assumed loading function. Therefore, this
membrane action which comes into play at very study does not vary the most important, and
large displacements. The load-unload slope is possibly the least known, of the various
arbitrarily defined to agree with the initial parameters involved.
slope.

Table I presents the results of the
The following values of the structural sensitivity analysis calculations.

parameters have been selected to best represent
the aeneric structure under consideration: TABLE I

SENSITIVITY STUDY RESULTS
= 20 percent

M - 0.0045 lb-slin3  Calculation Rult M k
2Ilb-s2/i3  1 b/,i inj

Rult = 46 lb/in 2  Number lb/in inin

k = 511 lblin2

1 46 1 0.0014 0 511 26.8
2 46 0.0014 10 511 13.3

SENSITIVITY STUDY 3 46 0.0014 20 511 8.7
4 46 0.0014- 30 511 6.4

A sensitivity study was run for Equation 6 5 46 0.0021 20 511 6.9
varying three of the four st-uctural parameters, 6 46 - 0.0045 20 511 4.6
i.e., a. Rul% , and M. Figure 5 presents a 7 92 0.001 20 511 8.1
typical curve for the time variation of thef 8 9? J 0.0021 20 511 6.4
maximum amplitude of the nonuniform component of I
external pressure, Mt).

These calculations indicate that the crown
deflection is relatively insensitive to the value
selected for Rult. The response becomes less
sensitive to the value of a in the 20 to 30
percent range and is most sensitive to the value
selected for M.

Betz (1983) has calculated the crown
deflections for several generic arches which were
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subjected to a loading function similir to that
shown in Fiqure 5. These results indicate that
the relative croon deflections were on the order
of 5 in or less. it is interesting to note that
calculation number 6 utilizing the recommenord
values of the structural parameters gives the
best agreement with this result.
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THE USE OF COMPENDIA, DESIGN MANUALS. AND REFERENCE TEXTS IN PREDICTION
OF NONNUCLEAR WEAPONS EFFECTS

oW. F. baker

0Southwest Research Institute

ABSTRACT some to bt much more usefu' -!,an ethers. Some have
been quickly outdated, viii - ithers retain remark-

The literature on nonnuclear weapons effects able usefulness after many ,ears.

dates from the 16th century, is extensive, is widely
scattered, and includes many classified references. This paper presents the author's suggestions
This diffusion presents problems to both neophytes for a limited library of broad referenczs -hich
and experts in this field -- the neophyte can be can be useful in describing and evaluating nonnu-
overwhelmed by the volume of the literature, and clear weapons effects. Only unclassified references
unable tc choose between conflicting references o! are included in the liat. All were at one time
prediction methcds; while the Rexpertbmay be expert easy for anyone to acquire, but some may now be
in only a narrow specialty in weapons effects, and quite difficult to get. We review in this paper
not truly conversant with other specialties. So, only references in English.
a limited library of broad references on the sympo-
si im topic can be very useful. The broad references are divided into three

categories, i.e., compendia, design manuals and
The broad references xnclude compendia, design reference texts. They are discussed in that order.

manuals and general reference texts. They give For each reference, we identify it, and then
rather broad coverage, but the topics covered, depth briefly discuss those contents relating to weapons
of coverage, and accuracy and depth of reference to effects. Depth of literature coverage is noted, as
the literature vary considerably between the refer- are strengths or shortcomings. Usually, the dis-
ences. The paper will discuss the coverage of each cussion is the author's, but in some instances,
cited general reference, will note the depth or lack reviews by others are substituted. When tnis is
of depth of literature reference, and will also give done, the review is in quote.s, and the name of the
a brief evaluation of the reference, reviewer is included.

INTRODUCTION The paper includes a brief closure, which
includes some discussion on availability of these

Nonnuclear weapons effects include at least the references.
effects on a wide variety of targets of: explosions
and shock waves in air, water and the ground; im- DISCUSSION OF COMPENDIA
pacts of penetrating projectiles and fragments;
penetration by high-speed jets; incendiaries; smokes; Because compendia usually consist of groups of
and a variety of chemical agents. The spectrum of papers or chapters by different authors, the
past, present and future weapcns is very broad. adequacy of coverage of specific topics tends tc
The spectrum of "targets" is also very broad. Weap- vary considerably from chapter to chapter. But,
onry is an ancient discipline, and Is also highly there are some exceptions to this rule in our list,
nationalistic. All of these actors combine to as noted.
render the literature on the symposium topic volumi-
nous, secretive and very diffuse. White, -M. T. (iditor) (1946), Effeeta of Ipwacto

and Fxplosione, Sm" Technical Report of
If you are a neophyte to weapons effects, you D asion 2, National Defense Research Counc-'Z,

can easily be overwhelmed by the extensive )itera- Voltme 1, Washington, D.C., AD 221-586. (Ref. 1)
ture, and inconvenienced by the security classifi-
cation of some of it. Even if you have been working Although this reference is rather old, it is
in this field for many years, you may be rather a thorough review of U.S. research studies during
unaware of som types of weapons effects, and are World War I on explosions in air, water, and
also inconveni.en-ed by security restrictions, earth; ballistic impact effects on steel, concrete,

and soil; gun muzzle blast; dynamic materials
We have found over the years that your work properties; protection against various weapons

can be somewhat eased by using a limited basic effects; and target analysis and weapon selection.
library of unclassixied referenceewhich contain use- Some of the Weapon Data Sheets included in the
ful tectnical discussions, data bases and/or analy- compendium, particularly those on penetration of
sis and prediction methods for a variety of weapons projectiles into various media, are useful. .he
effects. Some of these broad references are obvi- reference list is extensive.
ous and well-known; others are not. We have found
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The discussfons and descriptions in this work The first part of this compendium includes a
are very clear and readable, and some of the comn- number of well-written papers on detonation of
piled and scaled test data are still the most defin- explosives and their utiliatioit. Its value lies
itive available. Unlike many other compendia, treat- in good descriptions of explosive processes, how
ment of all topics, by the various authors, is explosives accelerate materials, and how materials
excellent and thorough. This is a must for your respond to intense explosive loading. Host of the
reference shelf, papers are excellent, and well-referenced.

Annae of AI New Y,-pk Acade'h of Sciences n1r9), IkVerin,7, Y. and Purkhardt., G., "C .but.:c to
VoZwe 1-2, Article 1, ":'zevention of ard Poteo.oi the Thecry of Drto'atio,.," 1'anaslafon fK- thr
Against Accidentca! x' ?so of Munitions, F'ue!s ler~u ase TechniicalRe~r No. F-7X-1:P'-1A (010At
ani! Pth.er Haaardous Mixtures," Oocobea' 28, 1Lt8. AP-T-4G), .'cadqwtcrs, A'ir Material "r.. ,,
(Ref. 2) Wright-Pattersonl AF5, :'1hfo, .zyq 9849, X,"8:$

(Ref. 6)
This is a very unusual source giving informs-

tios on accidental explosion, and their effects, Much of the German work during World War It
but this one volume of the Anrals contains a wealth on detonation of explosives, and shock transmission
of useful Information in papers contributed by through air, water, and at interfaces between media
msny researchers and safety engineer- from the U.S. is included. The treatment is very lucid, even in
and Europe. The quality of the individual papers translation. Reference is, of course, almost ex-
ranges from excellent to fair. Most of them refer- clusively to German work. One of its most useful
ence the literature well, but a few omit a number aspects is the presentation of equations for pre-
of key references to prior work on the paper topic. dicting shock strengths on reflection from ortrans-
The sections mat applicable for predicting weapons mission between different media.
effects are Part II. Personnel Sensitivity: Part
I11. Sensitivity of Explosive Materials, and Part DISCUSSION OF DESIGN MANUALS
IV. Explosive Effects.

There are available a number of man als for
Sad,, M. M. , Jr., " ).aiojon Effects J.d .rpver- prediction of explosicn and impact loads in struc-
tiee: Part T - Exposui n .ffete in Air," NSh'C/WL/ tures, and design .f structures to resist such
TR 75-116, Naval Surface Weapons Center, White Wk, loads. ost are intended for use by rtructural
Si v,'. S-ring, Mir4anld, o'ct 79?6, AD AO'S 544. engineers, and they concentrate heavily on presen-
(Ref. 3) tation of design equations and graphs. A number

of weapons effects can be predicted from informs-
This is an excellent compendium giving proper- tion in most of the manuals.

ties of air blast waves from nonnuclear weapons.
The emphasis Is on presentation of graphs and equa- Z1. S. Arwn Material romznd, 6qnee rn ),e', i
tions, and on example problems for their use. .'ia'dbeook: T'rinorleB of £Fnooft, Behavor, AN.C
Included also are data on air blast from shallow Farq'hlet AVCP 70e-189, 1 . (Ref. 7)
underwater and underground explos!uns, and cratertog
for buried explosions. The c3spendium is based This its one in an extensive series of Army
primarily on work in U.S. Navy laboratories, and design manuals. It includes very thorough, well-
this is well referenced. A weakness is that the Written, and well-referenced material on the detona-
axtensie related work by U. S. Army, U. S. Air tion physics of explosives. It will not allow you
Force and foreign sources is largely ignored, to numerically predict many weapons effects, but

it should give you a good understanding of the
Suidak, H. N., ,Tr., 'Txploeion Effeo's and roper. physical processes occurring wher. explosives
ties: Part rI - ftploeior Effects in Water," NSWC/ detonate.*
WOL/TR 76, Naval Surface Weapone Center, White
Oakc, Silv'er S ,tvi'g, Marzilarnd, Feb !Y'9q, AD' A0.6694. "Fiundwnen ra~ of Pa'orect *on Ns.,fgp No-i,; n

4Lf ) Drtkirttnwnt of the Aiee4 Technical M.znuaZ, IN L-S~1
Depart.ent of" the Arws., .'ul. 196S . (Ref. 8)

This is the counterpart to the preceding

compendium, but for underwater explosion effecta, This was one of the first design manuals for
The type of coverage i similar, with coverage of - - protective structures. It was based on work by
similitude relations, underwater shock wave param- MIT and University of Illinois structural engineers,
sters for shallow and deep explosions, bubble pulse and includes some Information useful in estimating
chaacterlatics, underwater shock iron line charges, weapons effects. Like some other manuals, a welk-
aed related topics. This compendium should be nes t i.cluaion of only a bibliography, and rot
considered a a supplement to Cole's book, specific references. It hs now been superced':d
Underwater Explosions, which will be discussed by later manuals.
later. The literature is well referenced.

"Beha ior and VtiZixatim of Etosives in Engi-
neea'inq Design *d ioohaeioat ineip ee ATppied 'The Army Engineering Itandboulk Series includes
to ChasiZ Medicine," Prooeednn Of the 12th several other usnuale which are very useful in
Annual 3vsosi: At/i o.o u n & o hanical predicting weapons effects, but they are classified

. . . Yul rcc Se tion, M2oh 972. ( ef. 5) and so do not qualify for our list.
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BEST AVAILABLE COPY

"S~'ap,iir:t',' :;hiefa 2ty'wxil hD, ig and Analyei This voluminous work is directed toward struc-

i,,', .'l~*" "!3. Ar.:'8 of El'ginerq 1 Hi4ntsville tural engineers who design blast-resistant struc-
):i,.',,,, Vfl~-fi@O.-, 1'?7. (Ref. 9) tures for accidental explosions involving high ex-

plosives. Many graphs and equations, and many exam-
Suppressive shields are structures (usually ple problems are included. Topics covered are air

vented) designed to arrest fragments and attenuate blast from single and multiple high explosive sourc-

blast and fireball effects for accidental explo- es, both bare and encased; blast loading of struc-

stons in munitions plants. This manual includes a turea for internal and external explosions; crater-

number of topics which can be quite useful in esti- Ing Pnd ground shock for explosions in earth-covered

mating weapons effects, including prediction meth- structures; and a very detailed treatment of frag-

ods and data for free-field blast waves, blast load- mentation and itapact effects of fragments. General

ing of structures. internal explosion blast and gas information is given on dynamic properties of con-

vress':i'. loads, and fragment impact on structures. struction materials and on methods for dynamic

presentation is clear, and sources are well refer- structural desiga. Referencing is thorough, and

enced. an extensive bibliography is also included.

Lr2Er, 'i,ert ., o*ggins, C. m 'niu, ,., u.':- DISCUSSION OF REFERENCE TEXTS
'iinn, H., "Te A" Foree Monual f"or Des rn and

Anai.s cf .rdenked ."truotures," Report .Vo. AFWL- There are a number of reference texts which
TR-?4- :2, Contract ,. F:P60i-;'4-'-)0 18, Civil provide very useful information relating to nonnu-

M,?ca ,z rystes (or'ov.to, Albuquerque, Yew Mexi4c, clear weapons effects. But, very few give direct

atobai 1.44, Seo',;d Printn'i Patober 19,6. (Ref. 10) prediction methods for such effects. It is suggest-
ed that the reader study them primarily to try to

This manual is intended for design to resist understand the physics of the complex processes

nuclear weapons effects, but it still contains occurring, for infirmation on computational and

material useful in estimating some nonnuclear experimental methods, and as general background
effects. Tb useful parts are those on air blast reading.
phenomena, nd ground shock and cratering. The
treatment ;f structural reeponse and damage largely ZeI 'do ich, Ya. 4., and Raz er, Yu. P., Ei9 o
repeats .,iat 5- Ref. 9 and 20. Referencing is Shoik W'aves and H,*,h-To'r:ratwe Hydi 1,11,zanc

extensive and jood. Phenoena, ;h. .7, Acaemic Prese, N.Y., 1966.
(Ref. :3)

.tructuim .o Res fet the EffeCts of Aac*denta7
E o ,Pe.arr'ent of the ArPd iech',7a? Melanua? Ze? 'dovic'h, :. F., i,,, . Yu. P., Py. is

2' - 3 "epartre:t o'f the NVt':, P .ieatio,: .VAi'FAC" Shock Waves m':d .. ?'.--e.r atuc ,'d-odyx.-'a.
F-P;', Pp!.rtment of the Air Fora.e Manual AFl 8-22, Phenomena, 11n'. LT, A oz~earni 2'ess, N.Y., i967.

pa,.rtrent of the Axy, the Natnj, and the Air Force, (Ref. 14)
J.,, 969. (Ref. :I)

This two-volume work is a translation from the

This eesign manual is the "Bible" foe most Russian. If you want to make a detailed study of

structural engireers Involved in blast-resistant the title topic, it is must reading. The treatment
design in reinforced concrete. Its strengths are is very thorough, but also very readable. Reference
in presentation of detailed procedures for estimat- to related work world-uide is thorough.

ing blast loaiing for internal explosions, failure
modes for reit forced concrete, structural elements, Johansson, C. H. ,^d 1er.zon, P. A., Dtonics OF
and design of reinforcing. Basic structural design Nigh xE. ,losivee, Aoademei .ress., London anc New

procedures are identical to those presented earlier York, 1370. (Ref. 15)
by MIT authors.

"This is a thorough treatment of almost every-

Th--,re are data and prediction methods for thing that is known about liquid and solid explo-
estimating free-field blast wave properties, inter- sives. It shnuldbe the first source for anything
nal and external blast loads on structure, frag- you want to knew. I also contains many excellent

ment impact effects on structures, and blast effects mode?: references." (U. C. Davis, in Ref. 5)
on humans. Descriptions of blast loading and its
effects are quite good. A weakness is complete- Cook, M. A., The Sc.ience of High Explosives
lack of referencing, although there is a reasonably Retnhzod, S'Y,'. (Ref. 16)

complete bibliography.
"Nere we have many useful data, lots of phe-

This manual is now being revised and updated. nomenkology. and interesting pictures. Unfortunate-
Unfortunately, the weaknesses in lack of referencing ly, there is also a great deal of Interpretation
will not be corrected, which is not accepted by other workers in the field.

and a newcomer to the business has a hard time
Riker, ,. E., Weati'n,, P. S., Kulee-, ,'. '., W '- deciding what to believe and what to reject. My

L-A, J. S., and box, P. A., "A Manua? for the advice is to use it as a very valuable source of
Predcti n of Blaet and Fragment LoadCng on Struo- data, but to be careful about accepting the dis-
t'ejca," (1.980), DOE/TIf-172e8, 1.S. Dept. of .ner+d, cussion and conclusions." (W. C. Davis, in Ref. 5)

Amarillo, TY, Nov 1980. (Cef. 12)
Kinne,, G. F. (1962), in,1ve S k Air
Mc llan, Neu York, New YAK. (Ref. 17)
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Ft .'mqe -ears, this vis one of the few read- and response of elastic and elastoplastic structural

Ily available references on air blast waves. It elements to blast loading. Coverage of elastic

evolved frog a course taught by its author of the vibrations of structures is particularly exhaustive.

U, S. Naval Postgraduate School. But, the material Topics covered in a more superficial manner include

is relatively superficial and does not at all re- explosions in air, explosions in water, use of

flect the breadth of experimental and analytical explosives in demolition and elesmic effects of

work which had been done before it was p.blished. explosions. Scling laws for explosions in air or

Literature citations are very limited. It has water, which are essential to these topics, are

been supplanted by later and more comprehensive barely mentioned.
works.

As is probably natural for a book written in

Atkcr, W. F. (];;73), TT.Zooio'.s in Air, Univcrit' Czechoslovakia, references to work in eastern

of Tal Twos, 4uatin, Texas. (Ref. 18) Europe and Russia are extensive, and the Inclusion

of such references is very valuable for western
"Although this book will not satisfy all the readers. But, many readily available references

requirements of either the casual, neophyte, or from the thnited States and other jestern world

experienced investigator, it provides by far the sources are lacking, and many of the references

wst comprehensive treatment of t'e subject availa- which are lted are now dated and superceded by
ble in a sit,gle volume, tid as su'h it offers some- later work. In general, there are too few refer-

thing worthwhile to all. A good b. lance between ences to work more recent than 1969.

theoretical and experimental appreches is main-
tained throughout the book with adequate mention The writing is clear and the exposition easy

of theoretical-experimental relationships and to follow, but in some instances, too such mthe-

their importance to the understandir g of the blast mtical detail is included. We would ba,e preferred

phenomena or solving practical explosion problem.' to see less mathematical d&velopment and more exper-
imental data verifying some of the theory.

"Baker does a good Job of describing many
types of instrumentation in current use for labors- In summary, this is a voluminous book contain-
tory or field applications. Mechanical, electro- ing much useful information cn detonative explosions
mechanical, and piexoel,':trlc gages are discussed. of chemical explosives, effects of these explosions.
Mechanical, CRO, magnetic tape, and photographic and a number of peripheral topics. But the reader
systems and techniques for recording transducer is cautioned that the coverage is quite Incomplete

output or blast phenomena directly are given on some topics, and perhaps toi detailed on other

adequate treatment." topics. References to good recent works in this
field are also omitted.

"In light of the rapid changes in instrumen-
tation available for researchers' use, It would .orris, (. H., .an:,son, . .o, oey;,, X. J., !.,sl
have been well to devote a page or two to the No.. et., Sw ,e, S. and Wn vrf, ... V., Sruotzr-
requirements of a blast-measuring system. A curve r.si'n !or %norio Lomd, Narw-H'Z Boo -Co.,
showing frequency response requirements versus NY, 1O9. (Ref. 20)

charge weight (or energy, the term laker is prone
to use) would have been quite helpful." This book first appeared as a set of course

notes for a short cuurse taught by MIT staff. Pro-

"The relatively large bibliography is a fine cedures carry over directly from an earlier U. S.

feature; the serious investigator is given guidauce Army Corps of Engineers manual. As with the Army
to sources in greater depth." manual, these methods reappear in many later

manusls. It is an excellent introductory cst 'or

"All in all, Baler's Explosions in Air is a response of dynamically-loaded structures.
welcomed and noteworthy addition to a sparsely
documented field." (J. F. Petes, boc.k review) ig.p, .1. H. (A4:, to t 'tu.

S. ;;T H.of Ex- a.or V:'! Ve (Ref. 21)

(Ref. 19) This is an excellent introiuctory text for
any engineer engaged in dynamic structural design.

This book Is a very useful reference work. Biggs is one of the authors of the earlier Army
but flawed. In some respects, it is encyclopedic, Corps of Engineers manual, and Norris, et &l.
with coverage of man) aspects of explosionr of (Ref. 20). This book draws heavily on the earlier

chemical high explosives and the effects of such work, but adds considerable materfal. Presentation

explosions in air, water, and earth. Some treat- is very clear and understandable.
ment o: nucluar explosions is also included. But,
like an encyclopedia, coverage of some topics is lakcr, W. E., Cox, F. A., Me..ine, P. S., X4,'es,

shallow and does not reflect the depth of material . ,.anJ Stahlou, R. A., F.prosio zhane a nJ.,

available on these topics. 79,83f .on, Movie-fe1-. 2) .J'AfSP i .si .
Ametera, 1983. (gel. 22)

Topics which are well coveted include the
stress wave theory, detonations and close-in This new bo.k discusses a variety of types of

effects of explosions in high explosives, esplo- explosion sources, and prese.nrs methods ior esti-

slns in soils, underground blasting and cratering, mating air blast loads on sid within structures,
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so". classes of fragment formati:,1 and impact ef- Baker, W. E., Wes 'ne, P'. 5. and Podgp, F. 7.,
fects, simplifled and more complex methods of pre- sipiariti -thode "N rgineerinu " P, 'V s Haytden
dicting structural response and damage from blast Fto', t., New Rohe.'Ze, J, 1973, (Ref. 27)
loading, and thermal radiation effects from nonnu-
clear explosions. Referencing is thorough, and The predecessor to this book was a set of notes
there is an extensive bibliography. A number of for a short course on scale modeling of weapons
example problems illustrate the prediction methods, effects. The book is expanded considerably beyond

that scope, but it contains chapters on scaling of
,' .,:"'t ,.

1 
.~h L' d n Be~h-'or Hf air blast waves and impact forces, scaling if dynam-

" o'i. , Fiz, z,
: 

, ic elastic and plastic response of structures, scale
(Ref. 23) modeling of penetration mechanics, modeling of

rigid-body dynamics of structures, and scaling of
This text gives very thorough coverage of the cratering from buried explosions. The reference

title topic, both theory and experiment. If .ou 14st is thorough.
have any interest in the elastic and plastic pro-
cesses involved when solids collide. you should have There are a number of example problems, keyed
this book on your shelf (or desk). The references to individual chapters.
to the literature are as complete as you could hope
to find. [In fact. the earliest reference starts, CLOSULE
"Galilei, C.... (1638)." It seems unlikely that
Professor Goldsmith missed any significant referenc- The limited list of broad references reviewed
es to this topic between 1b38 and 1960!1 in this paper have, for the most part, proved

very useful to staff members at Southwest Research
Zua, J. A., yVichZas, 7., Svi"f ., H. F., l seaaaauk, Institute in prediction and evaluation of a number
L. R., zr,' 'u Vz D. R., i2 e n jj ie , .'oh Wie-, of conventional weapons effects, even though only
£ s, , YVew York, 19,8. (Ref. 24) a few of them were intended for that purpose. We

have found that having a reference shelf with
In recent y,.3rs, the power of new computers has general, unclassified references of this kind is

allowed numerical solutions to the complex sets of often far more valuable than having many file cabi-
differential equattops, describing the impact, and nets full of classif.,d references.
resulting deformation and penetration processes
occurring In high-speed impacts. Experimental Let us coement on the availability of the 27
methods have also advanced to allow some observation general references on our list. Those which have
of the dynamics of these very fast processes. This an accesuion number for National Technical Infor-
book covers both of these aspects of high-speed mation Services (NTIS) are readily available at a
impact quite well. If youa %re interested in noxinal cost, and we have given those numbers
modern technology in this field, you should get which we know. Procedures for obtaining the design
th'. book. Presentation is graphic and clear, and manuals are often more difficult. You must usually
all st. irces are well referenced. contact the sponsor for the manual preparation and

beg for % copy. Obtaining the never reference
M' . . 7o i",-r z NZ. a . -." U 8, NC. -- , texts in our list is not difficult, provided you

.Va? Weapon Center, Feb 19476. are willing to pay the (sometimes outlandish) pur-
(kef. 25) chase price. Any published more than 10 years

ago are probably out of print, and thus obtaining
This book is in reality a report, but it is a copy can be quite difficult. Unfortunately, for

included because of its direct applicability to a few very %tseful references such as Refs. 2 and 5,
notnuclear weapons effects. It is a primer In extra copies are now almost impossible to obtain,
ballistics, and as such does not So deeply into and you must rely on friendship with someone who
any topic. It s ,,ild wake good in.tial readi,,g happens to have access to a few spare copies.
for the neophyte, but it should be quickly supple-
mented by more detailed references. The reference REPERE CES
list in tha report is quite limlted.

CoMendia

,biver .itp Preee, FWnoerol, N., 1948 (Reprinte-1 1, White, N. T., (editor), Effects of Impacto
by. Dover Pub i.tion., 1965). (Ref. 26) and Explosions, Sutry T.Ichnical Report of

Division 2, National Defense Research Cviincil,
This is an xample of a reference which is Volume 1, Washington, D.C.. 1946, AD 221-58b6.

truly unique in a field. Cole's book covered U.S.
and British research, both analytic and expartmen- 2. Annals of the Nwof Sciences,
tal, on underwater explosions during World War II. Volume 152, Article 1, trevention of and
There is no other comparable reference on this Protection Against Accidental Explosion of
topic, and much of the material in it is as useful Munitions, Fuels and Other Hazardous MIxtures,"
now as in 1948. Swisdak'm compendium (tf. 4) October 28, 1968.
adds some newer work, but also relies very heavily
on Cole's book. If you are interested in under- 3, Swisdak, H. ., Jr., "Explosion Effects and
water explosions, you uart get a copy of this book. Propertiest Part I - Explcston Effects in

Air," NSt/VOL/TR 75-116, Naval Surface
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1weapofl5 Center. White Olak. Silver Spring. t4. zei'dovich, vs. a., and Ratter. Yu. r..
Marvimod. October 1975. AD Ants8 %4A. !Phlsti! of Shock Wavei and HI h- eeraturit

Nydrodnamic Pheno men6. Vol It. Academic,
4. 5-visdak. M. M., . J.. "Explosion ffects and PrepS, My, 1967.

Properties: Part It E Fxplosion Effects It,
Water," NSWcIVOI Tit 760-116 Naval Surface 15. Johanasmn, CUM. and Persson, P. A., DetonicsWeapons Center, White Olak. Silver Spring, of Nigh Explosives. Academic Press. ixondon
Maryland. Feb 1978. ADl A056 694. and New York. 1970.

5. "lebavior and Utilization of Explosives in 16. Cook, N. A., The Science of high xrpostves.
Engineering Design and Biochemical Principles Reinhold, NY. 198.
Applied to Chemical Medicine." Proceed-Iigft--
the 12tb Annauml S osiuat American Society o'- 17. Kinney. G. T., xplosiv e Shock. in Air, Mac-
mechanical Engineers, New Mexico Section, Milian. Now Yi'rk, NY. 1962.
March 1972.

18. Baker. V. E.. Explosions in Air,. University
6. Doering, W. and Burkhardt. G., "Contributions of Texas Preis, Austin. TX., 1913.

to the Theory of betonat ion," Translation from
the German as Technical Report No. F-11-1227- 19. Henrych, J.. The 'ynMamics of Explosion and
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AISTRACT must be taken lij the flywhroI coatainmeent depends
considerably upon the detail design of the specific

This paper is concerned with the analysis of '.shlclv concerned. Thus, considerationi of this
H,'rtzi-n Impact of a band-SUPPOTted, thick-rim aspect of containment will not be discussed further.
;Ilvel ag.ainst an elastic containment ring. The
i.ollowing topics. are addressed: consideration :,f
..rob.itbie failure mode of the flvwhoel, estimation 41THODOLOGY OF ANALYSIS
of impact velocity, prediction of maximum conedi-
tiors at contact. prediction of the maximum The philosophy upon which this analysis is
t'ei.dig st ress in the impulsively loaded ontain- !:ased is analogous to that used by Timosheniko tor
ment ring, anti simple cal, ulation foi a piroposed impact onl straight beams 181 and by Yang 191 foi
contatiment ring Impact on plates and shallow spherical shells. The

analysis consists of the following steps:

INTRODIUCTION 1. Considetation of probable failure miodes
2. Estimation of worft-ca3se initial condition,

The functions of a containment shield for an (impact velocity) from elementary whirling
aiutomo'tive energy-storage fiIwheel system are: theory and other considerations

P.Iredics ion of maximum impact force. contact
1. Vacuumu preservation stress, and contact time from Hertzian conta.-r
2.?rotection against flywheel failure theory

3. Protection gintexternal impact 4. Prediction of maximum bending stress from
impulsively- loaded ring theory

Vtssigning t or the varc tux containmsent funct isc S, Select ion of suit able material and t hickness
involves a relatively a Ixple static external- for containuett rings (sample calculation)
pressure vessel analysis. Furthermore, this
I unctiun it; in,4ependent of type, mass,, and rota-
tional speed of the flywheel. Thtis it will net PRORAILI. FAILURE 46)DES
be discussed further here.

In all of the spin tests previously mentioned,
Dsigning for protection against flywhecl the f lywheel rim remained intact. This Is in conl-

failure hat; certain s~milarities to rotor-burst- trass. to turbine disks and other metallic rotating
protction shields for turbina engines, The disks, which generally fail in tr large pie-
litter problem hats been ielatively extknsively shapeJ fragments. It Is not aefirnitively known at
ilivestigated; see, for Instance (1-31. In co=Pat- this time whether this df tierence is due primarily
ison. almast no attention has been directed toward to the differences in kodterial (filamentary Corn-
flywheel containment 141. except for !Sj which posite vs. monolithic), stress tst, tessentially
Appeared subsequent to completion of tht wark des- unlaxial in a ring versus highly biaxial in a
c-ril'ed herein. -Thus, ii this work, attention is disk), or both.
concentrat~d on this problem, with Particular
reference to tae benign failvre characteristics The types of failure enCOi~ntered in the tests
encountered Li spite test* on band-supported, of Ref. 161 were either shaft failur.e at the
grAphite-epoxy ries flywheel* Itel. The present necked-down breakaway portion of ths, shaft or band
work can be considered tL be icorrection and fLiures. The former failure is merely a test-
extension of preliminary work reported in Section facility protective device And probably would not
.4 of 171. be desirable or even feasible ine vehicular appli-

cations. Thus, primary concern here is with band
Protection against external impact is un- failure, which may be due to either excesive ten-

doubtedly important it, automotive applications, in sion or compressive buckling. In either case the
conaection with A head-oa collisl~n. tot instalce, failure may be quite sudden. however, there is a
However, the extent of the collision which must be question As to how many band* would fail. If the
borne by the autolmobtle's chassis and that which rim was in an out-of-plane tilting mcde it the
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titof failure. It might be expected that ov.1) teriiv'Iih
bands on ritil. r ii.,. 1,,r .11 '.1' bfott,: Woull f*i 1.
This would Induce a It iting type 9,7tiOn Which wOUIId V L Alll~)0.l *3. in./sec or
not be the worsit rse to Contain. since the impact 2.9 ft/slc
with the containment shield would be oblique tothei
than normal (radial). However, preliminary calcu- a r 112.000 ln./sec: or 291 it's
lations reported in 1101 Indicatee that buckling.
say~ in the top bands, and tensile failure in the Iti contervAtivelv asnmed that oapen failure.
b~ottom ones would occur at almost the saw tilt tehnsoftn ailrsritadta hi
angle. thus, it Is plausible that even under tehnsoftn ailrsritadta hr
tilting Action both top and bottom bands could ts a 0.028-in. radial clearance between the rim
tail. Of co'urse. in the cAse of an in-plane peripher% and the inside of the containment hvu%-
tr-inslat tonAl whirling, the top and bottom bAnds Ing. Thus, the radial velocity at Impact, lo't a
wo'uld te expoet to identicail conditiojns nnd thus total trav.,1 it 0.028 - 0.010 - 0.018l in., would
would be ex~pected to 1all simultaneously and b
result In normal (radial) Impact. r A ~r 6)I 61.5 ln./sec

When a band fails, In say tension. on one
aide cf the hub. depending upon the hub design, it Ths r~n te reutn of vl 5  wudh~
mav or may nct carry through to its continuation a mntdef
on the opposite side of the hub. In one of the v~ , (V # V' * 61.6 in. Isec or 5.0 JO t !qvc
flywheel designs~this depends upon the frictional 0 r tan
or mechanical *playing reatraint at the hub. In
the other design, it tine hand fails, the remainder
may or nlay not remain etfective. FREDICTI0Oi OF C04TACT CONDITIONS

To predict the contact displacement, forv,
E:STIMATION 0v l4PACT VE.LOCITY aim! compressive (heat-ing) stress in the contain-

ment , the perfectly elast ic H.rte ian iSpA throrv
TO estimate the Mssimum distance from the as developed by Goldsmith 112) is used!. foec *on-

center of the rim to the center of the hub, the tainment paramE~ersanre denoted by subscript I and
following approximate equation of motion for ti.. rim ones b-. subac-ript 21. The inside st.rf,; e
forced synchronous whirling of a singl;-degree-of- of the containment is assumed to be perfectly
freedom system Is used: cylindrical with an inside radius of 10.028 In.

Thus, in tb.' sign vonvention of il.rttian contact
mir + (bI..)r + Kr - use;., cos ..t (1) theory. l1R I -0 and III 1 1/10.028 in.

Here, a. "ass of rim. r 'radial diaplace-sent of The flywheel rim i$ tOrOIdally curved with
rim center. b material damping factor for the these curvatures: l/R, - 110.9474 in.* and
band matiia1.1 K Ila-Plane NpsL1 gCoustant. uf the I /1, - 1110.000 Ill.
entire band subsystem, # - Initial eccentricity )1
rimo, .. rotational speed. t time. and .a dot Since it is assumed that the principal axes
denotes differentiations with respect to time.Li %Qrmadcnimetselaeaigv.

The alolitude of the general aolution of GwIdeldmth's angle .- 0. Then the Heriuimn ge-

equation (1) ie given by metric pareoneters A and I can be calculated simply

r el. I (K -i..) + b'I 1 () A1 ) (l2(lR) li

The maximum amplitude at resonance U: *K/m ) 0 - I + )((1j521M

*(K/b)e ()Here. A - 0.00140 tn. and S-0.428 In. 1.
Sax Thus. A/B - 0.00265 anj by Interpolating Culdamlith's

1121 Table 5, page 87, Onme obtains factors q., IHowever, for K - 1.239 % 10' lb/tn. .tnd 14- .7 end q - 0.370. Ta obtain q I.8V. it
0.043 lb-sec:/Ino . hisxis ~re#diattd to occur at a was neceaairv to extrapolate Goldsmith's valo,,. by
opted of (6012-)(l.39 1 /.0;63)%1 - 1.,260 rpm, plotting on 'log-log papa-r.
which Is well beyond the design maximumt operating
apee of 32,000 rpm. At 32,000 cpm (%; - 3.,351 The contact force F Is related to the contact
rod/sec). b/K - 0.017!. lad e - 0.010 In.. displacemsent A as follows:
equation (2) yields -0.0064 In. However, for
more rt'allstic desig.Lased an the results of 11l1 ,
a dynamic maglA f Lestlon factor of 1.0 will b~e usted,
i.e.. r - 0.010 in. The radius R, Lis calculated from the respe-tive

axial and radial semi-axes of t-,, elliptic-al c-ross
tndsr ttess conditions the peripheral velo- section of the rim (I Sand2.373 in.. respectively;

city and rAA1ia SCCeleft.iOn Of the noe center eof see rig. Al in 1101) as (l5-235-0.9474 in.



1/2I X) 108 / I +-0.926x (5

wlcIev o s thle relat ive svt'I,- Itv Vt Initial I rn- Here, A,, crO39sect ional are4a of containment
t "C I Istime. ali 'M~ Mjid T, Ill tile :4axifmu ring. I rectanst~ar area of moment of inertia vt

c~ler t tht- displcecment and force. respect ively: ring cross section about the appropriate centroidal

v , '4k 215 01) axis, A mean radius of :-ontainsent ring. I t Is,
( ./k k E) note([ that equations (14) and (15) both differ

ii 5 ' 2 -4lightly froms those given by Mittal, since his

F -k2.~ -1.1 1/ $' VisklS pae ad some obvious tograpblcal errors.

Here, the? following additional 1 .raleters art, SAO'LF CALCULATION

defind asA sample calculation is carried out here for
k (1.r ) + kl/m~ (8) a ,ontainkaent ring of aramid fiber/epoxv matrix

I I c~omposite with El- 11.0 x 10' psi, .1 - 0.34.

t4/ -ig- 0.050 lbin,' and the Sandia flevheel rim of
))qk Itraphite fiber/epoxy matrix composite W ith F2 -

* +')(9)B) 18.0 a l01, psi, '2*0.2?, - 0.043 lb-secz/in.~1 The containment ring dimensions are an axial length
of ).00 in. and a radial thickness of 1.00 In.

*~~- (1(1F.r 2~ 0) Thus, the containment ring has a mean radius of
2 10.5-'g in. ant' a mase

where f is Young's modulus and is Poisson'sm -1.2)30)10)0OO36
rat io.

Thc. total time! of contact is iven by-005 l-e/n

2.9432 m"'o 236 L'tng equations (10), one obtains S1
a 0 .36x 10-F in.

2
/lb and 2-1.64 x 10-4 in.-/b.

Thent equations (8) and (9) yiel d I 6

The contact area is an e1l.pae with semi-axes in./lb--tec an 2 *8.2xIO l(n)

a and b: From equations (6), (7), and (11).* one gets A,

- ~~l5 4)~ +-),A+ )1/ 0.00383 In~~ Fm - 21,200 lb. and -. - 77x101 sc

~.2) pplication of equations (12) yields a

b k qb/qa)t 1.703 in. and b - 0.04219 in. Using theae values
bain equation (13), one obtains j cm -139.*000 psi.

,j~. ~ ~ ~ ~which is an acceptable valite for the Hertutan con-
fiver b ekcmrsiesresdvlpdi- tac:t Compressive sttess in tis matfrial,

-(3/2)(F_/ ab) (13) By examination ot the numerical results given
by Ziittal [131 and some further calculations. It
call be shown that the peak bending momnt always
occurs when t/t (1 .7Z. Then, application of

0YMM.'IC MTESS ANtALYSIS OF COlTAIN'.1NT KING equat ions (15) and (14) yield i(x) - 0.2449 and a
peak moment Nt21.600 lb-in., ruspectively.

To deter-mine the peak dynamic bending moment
in the coottinme-nt ring, the analysis by Hittal Finallv, the maximum bending stress is given
1131 is used. Mittal showed that for a circular by
ring s~sbjecLcd to a concentrated loading that is a
hAlf-aine pu,.e in t~me. i.e.. equation (5). the 6I1MI'H-'*6(21~b00)/(3.D0)(l.O0)' -43,200 psi
maT.Imum bending moment occurs at some value of -

rim , 0- t , Fr tis tme nteraltheThis isa verv reasonable tensile stress for aramid-
bending moment is given by epoxy, vhich'has an ultimate tensile strength of

(F/)( /. A)1/4 1/;1 200,000 psi. However. it may be marginal on the
(F/)(E %r /1) If(s) compressive side of the bend.

10It Is noted tha.t the calculatedt weight of the
*(1/2) Cos ( .!lt + (1/2) $io (-t) 1.0-in t hick arantd-epoxy containment ring If. only

A )(-930/R')9.92 lb. It should be emphasisod that this weight
+. (F '/.!-)(EIIh1 r Is equal to that of ark alumtinumt conttrument rin-,

0.50 In. thick or a steel containment ring 0.177
WI i-) sin (-tt.)J (14) in. thick.

where it "7 t and
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A RATIONAL APPROACH TO THE ANALYSIS OF

STRUCTURES SUBJECTED TO UNDERGROUND BLASTS

°0
0 S.F. Borg
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Hoboken, New Jersey 07030

ABSTRACT

The two major data bases connected and heat flow are separate and diffeeent.
with underground blast effects on struc- Therefore, UBE has its own particular in-
tures are utilized to obtain rational pro- variants, parameters, equations, variables
cedures for solving - approximately - the and similar quantities - and furthermore
two fundamental engineering problems. The these should be very different from the
data bases are, 1) accelerogram records at other well-known terms and relations in
points in the field affected by the blast applied mechanics.

n isoseismal contour maps for the en-
tire field affected by the blast. These- 2) The sources or fountain heads for all
then lead to analytic expressions and charts the quantities mentioned above (the invar-
for the engineering problems, namely 1) iants, parameters etc.) will be the two
damage assessment and 2) structural design/ major observation banks (or cxperimental
analysis data or field data) of UBE, these being

INTRODUCTION a) The accelerogram which, physically.
must be related in some fashion to the var-

The theory and procedures to be de!.- iation with time of ground surface energy
cribed were developed during the course of at a point ii-e blast field.
earthquake engineering research. However,
all the zesults obtaine suitably scaled, b) The isoseismal contour map which, phy-
apply as well to the underground blast sically, must be related in some fashion to
phenomenon. As is well known the earth- the variation with distance of the ground
quake mechanism has been likened, physical- surface energy over the entire area affec-
Iy, to the equivalent of an underground ex- ted by the blast.
plosi.on of enormous initial energy.

Note, therefore, that proceeding from
Thus, the presentation wili utilize 1) to 2) above we are led directly to

equations and charts that were obtained in
studies related to earthquakes. But all 3) namely, energ is the key element, the
the procedures, all the equations, all the basic ingredient in the entire underground
charts apply as well for the underground blast event, starting from its initiation
blasts which are the topic of this symposi- (the explosion) and proceeding timewise
um. The numerical values uf the different and spacewise until ite completion with the
te-ms will very ltkely vary from those ob- accompanying effect upon and response of
tained for earthquakes and used in this structures.
report. But the fundamental techniques are
the same. In fact, underground blast phen- The research - wh-ich will be reported
omena afford an excellent means for check- elsewhere in its entirety (Ref. 1) covers
ing the more comprehensive predictions every facet of the blast from its initia-
which follow from the application of the tion (a blast mechanism) up to and includ-
theory to the earthquake eient. ing its effect on and the response of

structures. New parameters, invariants,
BASIC ASSUMPTIONS equations and similar relations are intro-

duced and a complete unified, rational

This research is founded on three fun- approximate theory of UBE is developed.
damental (and related) premises:

The theory is based upon reasonable
1) Underground blast engineering (here- mathematical, physical and technological

after designated as USE) is a unique disci- assmnptions, is dimensionally sound and
pline in the overall field of applied mech- represents logical, integrated over-all
anics, just as for example, elasticity approaches to all facets of the blast event.
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As in all engineering design applications, A mathema ical derivation leads to an

certain experimental (field) data must be invariant expr, . -on (the "acceleration in4

obtained in order to establish "allowables" dex") which holds for "canonical" acceler-

or equivalent terms. At this time only a ograms, this being

limited fund of such quantities is avail-
able and the applications are limited in 6
this respect. However, the entire develop-
ment is "self-correcting" in the sense that 4
as more and more data is collected and - (1)
utilized, corrections and modifications to
the working data can be made without diffi- fj
culty until finally, the design relations,
curvs and charts will be established with which Piots as shown in Fig. 2.
sufficient accuracy so that ordinary en-
gineering design offices can use them with 4
a leel of confidence suitable for engin-
eering purposes. The author suggests that
even at t.%is time, there probably is suf-
ficient data available (possibly in the
classified files) to permit its use - at
the appropriate approximate level.

In this report only that portion of 7&a.
the study dealing with damage to structur-
es will be dealt with in detail and because
of space limitations, only the results will
be presented. The details are described Fig. 2
elsewhere - as are the applications to the
structural design and analysis phases of the 0 It)
problem.

The numerical values obtained in Eq.
THE ACCELEROGRAM INVARIANT AND PARAMETERS 1 apply to earthquakes. They probably

differ for underground blasts. In any
A typical earthquake accelerogram is case, these values can be establishied

shown below, Fig. la. We assume that ex- without difficulty.
cept possibly for scale, the underground
blast accelerogram is similar. Hence the For those accelerograms that are not
discussion which follows applies to UBE. "canoiical", typically as in Fig. 3, we

. accelerograms.

By utilizing an alternate, but equiv-
alent postulated mathematical forumlation,

Sequating equal terms, and integrating we
;C obtain an equation for the timewise varia-

___ tion of horizontal groand energy at the
R int where the canonical accelerogram was
obtained, Eq. 2.

An analysis and study of a number of
accelerograms, as well ts physical consid- f .8 4 18 2)

erations, suggest that Z (at) and t are

the important variables in this phenomenan,

and in particular e (&At)f and tf are the F tb

fundamental parameters, Fig. lb.
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C= surface horizontal energy per unit ef
fective area between the times ti arid t at
the -Tccelerogram location.

Ctf 0 same for t , tf

%hch plots as Fig. 4

A0
the fundamental param~eters.

In Eq. 2 also th( numbers may be dif-
ferent for underground blasts. A mathematical derivation lead. tc, aninvariant expression (the isseisma in-

For 2 or nore superposed canonical rec- dex") which holds for all 28 earthquakes,
ords (Fig. 3) we superpose the energy ex- this being Eq. 3,

pressions, Eq. 2, Fig. 4.

THE GEOLOGY AND M4EASURES OF DAMAGE

Physically, we must assume that the (3)
"geology" of a region affects the ground -
behavior and structural response due to
underground blasts. We assume, at this J#0
time, three different "geologies", designa-
ted as RI, R2, and R3, to be defined follow- which plots as Fig. 6
inq further study of this variable. It is
conceivable that a smaller (or larger) num- I
ber of separate geologies is required to
axcount for all possible situations. In a
general way, frequency of the acceleration
is accounted for in this classification.
These geological designations are used in
the mathematical, physical and technical
Zormulations throughout the research, as weshall see typically, in the present damage C#- "

assessment portion of the study.

We assume "damage" is defined by an
"Intersity Number," I, as given in a (pos-
sibly modified) Hercalli type Scale, cn an
"isoseismal contour map". Fi. 5 shows such
a map for an earthquake. Its form will be
similar but the values may differ for an 1-
underqround blast.

THE ISOSEISMAL INVARIANT AND PARAI4ETEkS The author suggests that a similar
equation and curve will hold for under-

An analysis and study of 28 earthquakes ground blasts - suitably modified, if nec-

during tae past 500 years, occuring all essary, for "geology".

over the earth, as well as physical consi- By utilizing an alternate but equiv-

derations, suggest that I (:S) and S are alent postulated mathematical formulation,
e=0 equating equal terms and integrating, we

the important variables in this phenomenon obtain an equation for the spacewise varia-
and in particular that E (IS)f and Sf are tion of horizontal ground energy over the
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entire field affi-cted by the earthquake,
Eq. 4, which plots as Fig. 7.

__ . 2 " / A .

W a total surface horizontal energy between 11
the small radius Si and the radius S.

H = same as above for S Sf f

'C. ./' - .

THE DAMAGE ASSESSMENT CURVES

In this theory, (a~t)f and tf and V
1(IS) f and Sf are the key parameters in the
rational underground blast analysis and
must be included in all theoretical devel-
opments connected with the blast phenomena.
Thus

A) Physically, E(aLt)f and tf must be con-
nected with the damage of structures. A
study of a limited number of earthquake _ _ _.... .
accelerograms (corrected for direction) dS
that had isoseismal maps for the same event.
leads to a preliminary damage (intensity) C) using tlie equation given above and

map as follows, Fig. 8, for earthquakes. Fig. 9, for a given M and R we can deter-
A similar, suitably modified chart, should mine E(ISIf and Sf and the corresponding
apply to underground blasts. isoseismal- map may be computed and plotted,

Fig. 10, from which the damagc maybe assess-

If we have a superposed accelerogram as ed.
in Fig. 3, the author suggests at this
time that the separate Z(alt)f and tf THE STRUCTURAL DESIGN PROCESS

values for each separate canonical envelope Very briefly (because of space limita-
be added. Then use these sums in Fig. 8 tions) - the structural design and/oranaly-

B) Physically, YIS)f and Sf 1rust be re- sis phase of the study utilizes the energy
concept in conjunction with the accelero-

lated to the magnitude, M, and hence the gram and isoseismal invariants and pare-
energy, of the underground blast. For ex- meters previously described. The details
ample, by using the 28 earthquakes we find are described in Ref le and If.
Fig. 9, (and a similar representation will
apply for the underground ble.sts) so that
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from every other underground blast tnat ,aa.
ever occurred, wherever it occurred.

a But, by the same token, because theblast is a natural phenomenon, it must also

a be true that, overall, in the large, there
are certain relationships or eouations or
parameters that are approximately common
to all underground blasts.

" r r These relationships or equations o\ -~parameters are here called the invariants
4.,... \ \ of the blast phenomenon and the writer sug-

Vgests that any attempt to obtain a rational,

t. \ quartitative, scientifc theory for UsEmust
start with a consideration of these basic
building blocks - the invariants.

*To uncover these the research was
guided strongly by physical-engineering-
mathematical consideratins founded on

0 0' available earthquake tests and experiments
which, initially, surfaced in the form of

In applying the method, symmetry and hypotheres. By extension the hypotheses

anti-symmetry are the basic tools used. A permitted the derivitions of new mathema-

free-free form of vibration is assumed tical expressions which include those phys-

which requires the estimation of an *equi- ical-engineering terms that must occur in

valent" length, L. The energy tobeabsorb- UBE theory. These new expressions predict

ed by the structure requires the deter- new phenomena which are capable of experi-

mination of an "effective area, &e*
. Sym- mental check.

metrical and anti-symmetrical energy and Should the new relations check out -
vibrational configurations are utilized and with accuracy consistent with the observed
the entire process leads to an approximate data and sufficiently precise for engineer-
analysis that includes all of the varia- ing applications then one may with some
bles that should enter into an underground confidence assume they represent an accept-
blast analysis in a form that can b used able theory for the USE event.
by ordinary engineering design offices.

Closely related to the above is the
CONCLUSION fact that in all fields of applied engineer-

ing, an essential requirement for the engin-
The design orocess, as in all engin- eer is the collection and tabulation of

eering design, starts with specified or code basic design information. This design data
or judgement design decisions. These could is generally subject to continuous adjust-
be, typically, ment and revision as additional experience

or special conditions require. Instructur-
a) A 3pecified canonical accelerogram or al ingineering for example, we need data on

cluster of canonical accelerograms with (to name just a few items), wind loads, pile
given separate E(aAt)f and tf valuesand capacities, earth pressures, allowable steel
geology, stresses etc - data which to this day are

being adjusted and revised as required by

or ongoing research. This data almost always_ can be determined only by performing labor-

b) A given blast magnitude, efficiency and, story or field tests and furthermore varies
geology from which FIIS)f and Sf are in form or content depending upon the appli-
obtained. ed engineering field considered.

or other similar data. As these experimental (i.e. field) data
are collected, they become part of the in-

From these, using the equations and ventory in the storehouse of design data and
charts derived from this theory, we cande- as they accumulate, the need for additional
termine all of the necessary UBE parame- experimental values frequertly diminishes
ters requi.ed for the rational, analytical and the applications (in design and/or anal-
assessment of damage and for the struc- yses) can generally be made with greater
tural design. accuracy and confidence.

There is no doubt whatever, that every In this new USE theory, the necessary
underground blast is different, in detail, experimental refinements can be obtained by
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analyzing expeariments currently being rou-
tinely performed (i.e. the accelerogram and b) Accelerogram, Intensity, Damage -

the isoseismal map) and/or by developing A New Correlation for Use in Earthquake

and performing other relatively simple ex- Engineering Desiqn, Seventh World Confer-

ercises utilizing man-made blasts. In this ence on Earthquake Engineering, Istanbul,

way, the following terms will be evaluated Sept. 8-13, 1980. Also Technical Report

more precisely, thereby permitting greater ME/CE-791, Department of Mechanical Engin-

and greater accuracy as the accumulation of eering (Civil Engineering), Stevens Insti-

data continues: tute of Technology, loboken, N.J., Dec.
1979.

a) The efficiency, n, of the blast. c) An Isoseismal-Energy Correlation
b) The role of the "geology" for '.se in Earthquake Structural Design,

Sebenhh World Conference on Earthquake En-

c) The acceleration index invariant gineering, Istanbul, Turkey, Sept. 9-13,
'expression and the derived rela- 1980. Also Technical Report ME/CE-792,

tions for pointwise - temporal Department of Mechanical Engineering (Civil

variation of blast energy. Engineering), Stevens Institute of Tech-
nology, Hoboken, N.J. Dec. 1979.

d) The isoseismal index 
invariant ex-

pression and the derived relations d Extended Analysis of Isoseismal-
for spacewise variation of blastd)EtneAalsso oeim -
energy. Magnitude-Intensity Index Correlations in

Eart.huae En ineer Tech. Report ME/E
e) Te efectve engt, i- 81-1, Department or Mechanical Engineer-

e} The effective length, ing/Civil Engineering, Stevens Institute of

f) The effective area, a e Technology, Hoboken, N.J., May, 1981.
e) Some New Approximate ProceduresThe design engineer, architect, spec- Relating to the Ana1siio1-Strutue

ification or code writer, damage or safety Re ted to EarthtuakeLoa - t 1,
engineer and other professionals who are Elastic Theory, Tech. Rept. NE/CE - 80-1,
concerned with rational scientific UBE Dc Teof Mechnical E /C ivil
analyses can use the new theory at theMechanical Engneering/Civil
present time based upon available data and Engineering, Stevens Institute of Technolo-
reasonable assumptions. Because of the gy, Aug. 1980.
limited available amount of the required f) Some New approximate Procedures
accumulated experimental data (which is a to te al si o rcures
common occurrence in any newly developed Rel to the alis - auctures Sub-
theoretical application in applied engin- Applications, Tech. Rpt. ME/CE - 80-2,
eering) the amount of approximation invol-
ved and other possible limitations are un- Department of Mechatical Engineering/Civil
certain. In order to increase the accura- Engineering, Stevens Institute of Technol-
cy, the author recommends further continu- ogy, Hoboken, N.J., Dec. 1980.
ing study, testing and refinement of the
quantitative values for the uniquely UBE
terms mentioned above in a) through fl.
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ABSTRACT - the geometrical non-linesrities, due to large

ising the modern compipterized analysis, the rotations, are trivially implemented usir the

special purpose conputer program SO0 can bonvctiv coordinAte techniqu
-the program architecture in much ,ore simplet

successfully applied for the evaluation of thin
structure strerngth limits in presence of extreme nobdwthrblmos mue tra,

strutur stengh lmit in fS5lIC OfCite~e no assemblage nor inversion of any matrix, ease

dynamic loading phenomena. This program correctly o a amin ia

solve@ wave-propagation.-typs of problem invol- o rgaig
solvs vv*-ropgatcn'ype t' robesi inol- - this btrate. is eore competitive for advanced

ving short transient (very rapid 
loading-time se-

quence) and including shook-wave reanonne from vector processing, thanks to a complete vecto-

imipulsive loading (exploeion or blaot wave) and rial formulation.

impact loading (missile impact). SLOO!MAN pro- This technique of explicit time integration,

gram is based on a finite element shell formula- in connetion with numerically te*ted mas-lue-

tion using the Semiloof element and has been de- ping procedures, has been implemented in previous

vloped for transient dynamic non-linear analya~s works of the author (2,3,8), for the more complex

applying an efficient explicit direct time inte- 'soparametric shell element Semiloof developed by

gration technique. Irons (6).

StOOTSAN 3-D capabilities in the fields of The Semiloof dynamic model for steel and

structural safety assessment and anti-missile concrete thin shells has nodal asses and Lnertia

design are illustrated in the paper. moments obtained by lumping tochniques,explained

U Amaur, in Ref. (2), and can be represented as a sytema
7ZFLXIC DYNAM AALYSIS u I of discrete nodal masses interconnected by leans

The present formulation for thi solution of of springs representing the internal forces and

complex shell problems in transient non-linear moments. Any spring stiffness may va&- from high

analysis is based on the construction of a very values to very small ones when plasticity and any

performing mechanical model with the use of ad- other material disintegration process take place

vanoed numerical techniques. The explicit solu-. in the finite element.

tion strategy is preferred to a modal euperposi- Te modelling of reinforcement to obtained

tion procedure or an implicit direct time into-

gration technique for the following raonsre at the upe and
lower shell surfaces. These steel membranes un-

- the equations of motion are decoupled thanks to dergo the same total strains as concrete until
a "ss-lumping process and are simply expressed the reinforcement bars buckle when concrete lo-

- ter r ,ortia, damping, internal and 51- cally crushes. Concrete thickness and steel re-

t, ,al etors; inforcement percentage may vary from an eloemnt

- the noazi aelerations, velocities and dimpla- to another and the reinforcement maW be different

cosents sre directly computed using central at the upper and lower surfaces within one ele-

difference formlase; ment.

- the internal force vector represents the key-etone of tb- 'athseatol model besetse itI Prestressing may be included in the concrete
lely oonta# , o the infodmation related to by giving an initial prestrain in the reinforce-

ent. The static stresses due to prestressing or

the strual .', stiffness and the ne.-lin~ar ma- dead weight may be carried out using the trac-

terial behaviour tao-oug the etrmel vector; sient program SWOP3AN in a kind o! dy~axio rela-

- the constitutive e~uatioah ore easily iPlemen' xating mode, as illustrated for example in Ref.

ted, in particular total strees-etrain formula.-

tions of the explicit type. S" e.g. W.(i). (
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The nsterial non-linearities, dealt with in The proposed mechanical vIel permits to

this paper, inolude a Dlasticity mdel for duc- follow very accurately the prooeeive plastfi-

tile materinIn like steel, bmied on, cation of steel shells or the cracking propaom-

tion of concrete thin structures within each fi-

- exPorimentallr observed monoaxial yieid Strese nite element in the mid-vurfaoe and Acrose the

va plantic 9 rain relationuhipl thicknoes.

- the concepts of Von ore xe' streas, Drucker's

postulate, sctropic hardening and plastic o- As a coneeouence, the complete disintegra-

nersy dissipation. tion of reinforced concrete shells is created by

concrete cracking, concrete crushing, steel plao-

Vor reinforced concrete, the following in- tioity, local steel buckling, which represent the

elastic behavioure are includodt major fc.ur factors computed directly through the

- cracking of concrete in tensile regime. The internal force vector.

model is based on the concept of sero tensile The present material models for concrete do

stre,;th, or small tene
1 ,o strength, before not yet take into account of the Senitivity of

the appeararce of the f..?t crack. A strees concrete to some parameters like stress hietory

redistributJon takes place when a crack strain or strain rate. xperimental research into con-

is defined perpendicular to the new crack, in Orete behaviour under dynamic load is urgently

agreement with Mohr's circle. .ee e.g. Ref.(3)i needed -n order to use the resulte from computer

- elasto-platic formulation for concrete in co! prorram with more confidence.

preesion. Based on the well-cstablished theory

of plasticity, the ascending and descending KLO0SI0 ' SIC JTU I RACTION

parts of the stress-strain ourve are quite m1- The advanced computer program SWOBAN per-

mulatedl an shown for example in Pig. 1. mite to illustrate some extreme dynamic loading

Crushing of concrete is defined by the post- condition acting on thin metal structures. A 0y-

peak strain softening behavioar: lindrical stol panel in submitted to imultive

- a not explicit binx
4
al stress-strain relation- loading (initial velcity) which is supolied by

ship for concrete in compression has also been an explosive sheet in contact with the metal.

incorporated in SWO00AN because it reproduces Pig. 2 shows 1/4 model of the panel using only

cuite well the inelastic dilatanzy of concrete 20 Semiloof elements. High membrane and boening

near failure (4). This general constitutive e- wave propagatio" effects occur in the cylinder

suation, developed by Cedolir et al (I), is together with a rapid plasticity extension.

obtained by expressing the secant bulk and

shoe. modli of elasticity as non-linear fune-

ticns of the first two invariants of the strain

tensor only;
- conotrning the steel reinforcement, plasticity

is encountered in tension as well as in com-

pression. Pcreover, local steel buckling in

coepressive regime,when concrete crashes, is

simulated by deleting the Compressive contri-

bution of the reinforcement to the internal

force vector.,

5 O&LMAN
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Ie deformed shape If the Cylinirical " ael

@ho,* how the impqllsivo motiOn Involvee Very lar

go displacement@ &ad rotstiona. The highly son-
linear respo se of the central do'. iction veres

time is ouite different from the elaatlo liea".

response. boeSleat eeeat with numerical ad

siperi ental results, given in Ref. ()), is oh-

taine.d

Sorp-UUIL1 / 8WICIA 1r3AOYTOr

The described numerical tohn,.j. \,aaed on
erplicit d.-lnmo aaalyvis uen.g a sell formuli..
%ion to particularly tied %, kahdle Mildly so&l
linear pmroblem, of sort-missile impact on large

Ooncrete structuree. Umia the Sesiloof elee--t,
relative coarse meshem are defined for the nu-

clear reactor containment v. Iding impaoted by

a. atirratt. The cormdpter progras SLOCnAN per-
mits an acourate determination cf the nartial da

sage 5f the local impactod area as well as the

over~ll behaviour of the r aining strucAre un-

der the induccd vibratione. The impact of a civil

alroraft (Boeior 707-20i on the dome and the lie-

teral wall of the reactor oontaiwnent ham been

Alrea*y presented in a previous paper by the au-

thor (1).

Por the oomplete 1-D problem of the reactor DK1'oPn5 "I"
building loaded laterally, the efftot. of incor-

poratilng the dead useght or a little tensile

Wteftth far concrete on the dynamic structural

response are shown it Pig. 1. the valuoe for the

aaxia borisontal displacement obtained in li-

near and nn-linsar anialysis are Tery close to
the response values published by Rebora et al (7)
where a mor" complex concrete model and solid

brick elements have been utilised. In Pig. 4, the

deformed shape and the crack pattern durinr the

aircraft impact are illustrated. Concerning the

crack propagation, radial oracks ap"sar first du-

ring loading at the Interior surface aromad the

impacted krea. Than, radial Ad cireuferential
cracks appear at the exterior surface as well as

OfACrOM UII%W V.sls SLOFfi fle

LIM ElATIC (5) 4.03/4.N 3.38
1:7_1 t:AR T 'C"I ,G ; 4.47 4.19'

I 9LIW.PD (CNVA IN$) 1 .41 4.i.0(.)

KgiAD W~E I~ EI 7.Bi

"O-LlIME (C*A, ING) 9.13 -

.)UCONGM T TEMSILIE STW15'Th ICft
(a) i TUG MS S ID iG. I UEM IAt11 OIJILDIMC

C V4 (AT POINT 1)
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throulgh cracksi in the iOTpaci '305. 4 tangential These highly non-liniar knalywee do ftnt ter-,
crrick aproar ^'.so at tho cnrt nen~t b~Aso after minate when the finite elements start to t,4 Ata-
the jimpact. 3L(VPSAX %nalysip in fulfilled with totd,& shot IV 71ri. 6, bu the AnalyieS1 Con
the complete knowledge of the principal sttress*& be carr*ied tn until the internal reitng force
in evCT ploC5 of the structure In both the con- vector vanishes completely in the taipoted ae&,
crete and the steel reinforcement. In this cal- in oresence of a total material disintegration
Oiil'tion, only unltaiail Crt'iki"4' &PPOSX5 with- Por the present structural behaviour simuilation,
out any concrete crushing -%or stool yiqldi"l. all the disintegration factors ( concrete craok-

Mansg OOLLAPS4 CAUSID INY MORA? COLLISTOR ing, concrete crushing, steel yielding, local
steel htic~ling ) have been enoountered.

The dynamic response of a tall chimney Is*-
pactod by diffonl airorafte (military and ci- Unfortunately, no particular post-processor

vil) in studied usine the present 1_11 shell so- -wax available to correctly visualize the real

del. The scope of using the shull formualation local chlimney collapse. %cana,vith the use of

is to examine the effects of all the noti-lifsa- the present explicit non-linear dynamic anallaia.

ritice Incorporated in 5UWLAX and to under- the nodal points with their ass and velocity

stand the dynamic failure mades obtained by rn but Withoat resisting! forces ( or siings connec-

explicit time integration approach. The aircraft t ing all of them together), are moving away and

loading functionx for the military aircraft down (gravity field) like in the reality.

(Phantom 1-42) anil the civil aircraft (Boeing
707-320) are defined in Pir.5.

A preliminary linear elastic analycis for

the 3oeing crash shows a well-known deflection

isou~ with a muaimu horitontal deflection at the

too 5 of 5 m. , an shown in Pie. .a

A oocplete diffe-ent deflection share is __

obtained, in Fir. 6.b q for the noom-linear ia-
pact of the smem civil aircraft. Duae te this

faet transient phenomcnat only the Impacted a-

failure nod* at the top but without any loame
of bodinK rigidity at the ohisney base, tArge
rotations and hor'isonta.' disolacements are oh.-
served at the top (i Creator than 45 a.)

Por the faster military aircraft o)ollieion,e
a more severe diaintagrntion of reinforced con-
crete with a more proncunced shear failure so,-
de is obtained, an shown in Fig. 6.c . The de-
flection at the top R exceeds the 400.1

WImt ?V.IlVA1

(a) Ho.

51$"it ehOwI 1me

W4"444lav " - tca 4ko ow ri a t
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\ \ FRACTURE DIAGNOSIS IN STRUCTURES USING CIRCUIT ANALOGY'

Mehmet Akgun 2 , Frederick .1. j10, and Thomas L. Pcet"

The University of N,'w Mexico
Albuquerque, New 4exico 37131

ABSTRACT in statics and dynamics of elastic structures.

.* Their approach to frameworks with sidesway in-

The paper uses the Kirchhoff's equations for volves either an iterative or a three-step proctd-

the T- and I-circuits to analogously simulate the ure in solving the horizontal displacement of gir-
bean vIbration. Structures formed by straight .:rs and is analogue-computer-oriented. In this

beacf segments can then be simulated by electrical paper, a modified and improved approach Is devel-

meshes fnrmed by I- or A-circuits. In the paper )ped, that is readily formalized and adaptable to

the analogous circuits are also developed vor the digilal programming. When the method iS applied

cracked beams. The natural frequencies of the to free vibration of multi-story nalti-span frame
circuits thus yields the natural frequencies of structures with or without cracks, natural fre-

the structures with or without cr3ck. In the quencies of the analog circuit, hence modal fre-

inverse application, the change in frequencies quencies of the frame with or without crack, can

leads to the location and assessment of the fraC- be determined by exciting the circuit with a vari..

ture damage of the structure, able frequency excitation, and by establishing the
excitation frequencies at which response is maxi-

The paper developed, specifically for the mw. Analytically this corresponds to finding
,1-circuit, a formalization of establishing the zeros of a determinant. Nulti-cell structures and
characteristic matrices. The standardized format structures with crack will be illustrated in the
makes it possible for adaptation to computer application.
proqramming. An estimate of the algorithm is
included for comparison of its advantage in the ?.0 Circuit Analogies
speed of cowputat ion.

s, The classical modal shape y(t) of a single
section of a straight bear is:

1.0 lntroducticrn y(() - AcosheFs * Bsinhet * Ccose + Dsino( (1)'
The diagnosis of fracture damage In struc-

tures nay involve two steps: The first is the where ja pw L/Et, p the lineal density, w the
detection of the presence of damage, and the modal frequency, L the beao element length, (El,
second is the determination of the locatlon and the beam stiffness and C the dimensionless length
intensity of the fractire [1]5 .  

The first step such that the two end points are (I - 0 and t2
requires monitoring of some variables associated I. The set of slopes (y', Y;) and shears (WI, V2 )
with the structure. lthe second is related to a can be expressed in terms of the set of resisting
quantitative interpretation of the first. In this mCments (N1 , N2 ) and deflections (yl, y_) as fol.-
paper the variables to be monitored are the first lows:
few modal frequenc'es of the structure. The data - -

on changes -f frequ-ncies are used for the esti ma- F-LS 1IT ' 1
tion of the location and the intensity of the I - LT "T 7 -
fracture damage. The classical modal shape of -TbeS" osillaztion is employed to discret'zed th _ 2 LT JS T7- SS__

mathematcal model, which is analogo.s to the yi TT TT 7 r- FT
circuit equations describing the T. or n-circuits, )

Keropyan and Osegolin [2] surveyed the work V " PS PT

done on electrical analogies for solving problems |

IThe "i~r is a part of t'i,! research sponsored hj, 21 r-- - --- PT - PS y2)
AFOSR Contract No, 81-0086A.

2
Research Assistant, Nechanical Engineering Dept.3
professor, Mechanical Engineering Dept. 

6 
Numbers in parentheses denote the equations in

"Assoc. Professor, Civil Engineering Dept. this paper.
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where P * l*i.S*(coth 0 - Cot 0121. T 2 N ( e1yGvs

(cscf0 -Csch #)/20, SO (coth 8 +CotB012. G y' * y (G~~ y l (I
- ii(csc r # rich o)12. The first two equatin I" 1 2
(2) can hie wrtten as 2 !

'7 't (I #K I I were 6*(S *T) El O/L, Go * 41I sIL, 11
0 Y t1(3) *y~ T'y2) [1 87/1.2, arnd 12* (S'y - TOY,) El

Y% -znl. - (I *O "2 + '? Equations (5) are the Kirchhoff's current
~2~2 -equations fo-tht- active three terminal network

whele 7 - -(5 T)LIEl. Zo - LT/El, [I - (T'y2 - analogjy, wmmt and slope (". y') are analooous to
S'ylL and 12 (Yz T'yt)/t. fqu;.tlons (11 the ele%7tric cutrent and voltage. 'cspectivoly. G
ar. the Kirchhoff's eo-sation for the active thr( !ktA C-1 !,-#'AIIr

terminal netwrk show inl Figure 1. In this Plec. Sources. respectively. The negative admittance
tro-mechanical anilogy, moent and slope (14, y') poses "a difficulty In the theoretical develop-
are analogous to the electrical current and vol- Gent.
tag. respectively. 'he coefficients, Z and E, ige cntlvr ba polmcnb
pre resclect~v~iy the Imedance and the potentialAsigecn lvrbampoem an e
si~urce. The negative Impedance shall pose no dif- illustrated with reference to Figures 3 and 4.
ficulty in ti-e theoretical development. The natu The left port of the fl-c t-ruit Ii shorted. result-
ral frequencies, herce the modal frequencies of Ing in Y, -0, corresponding to the built-4n end.
the analog frame, can be deterimined by exciting This yields the circuit in Figure 4. The current
the circuit with a variable frequeny excitation, source 12 Is expressed In terms af the node vol
and by establishing the pxititat Inn frequency at tage y2. base on yj *0 and V2 - 0. The node
wiich response is maximum. With reference to Fig- equation produces S . ;'2/P * 0 which i~ the char-
ure 1. a simple cantilever beam problem ca-i be acteristic equation for the cantilever beam. It
illustrated. The left part of the r-circuit is must be noted that this analys!s does not hol.! for
shorted, resulting in y; - 0. corresponding to the the clamped-clamied beam since a defined above is
built-in end. The potenti als.E and E are coMn- Itself the characteristic equation for the
pyted based on It 0 anid V2  the iast equ.a- clamed-clamed beam.
tion of (2). mtrodal frequency when a ccnstant
amplitude voltage of y; Is input. 111 divege Similar to the T-circu'. analogy, slope ii
The analysis becomes one to coimpute the zeros oi discontinuous at the ciacked section (Aa,

Ptht/. giving Ilse to two more unknown slopes.
thet network Impedance function Z1 - y;fl4j. Such discc-'tinuity is represented In the analog

circuit Lsy an admittance of magnitude -.c. The two
Iein4 the cracked sect ion in a beam shall parts of the beat, divided by the cracked section,

follow the method of fracture hinge [)I. The are each reprcsented by a a-circuit as shown in
crack it mechanically reprosented b 'v torsional Vioare 5. The other contnuitv conditions are
spring of spring constant .. Slope is thus die- stsid
continuou; at the cracked section (Ay' ,
Such discontinuity In the circuit analog - is re- 3.0 General To-Dimensioina! Frame Structure
presented by a voltage source of magnit;ide ON,x
The tio parts of the beam, divided 5-y the cracked lia goneric model of a two-dimensional
section are each represented Nj a T-circuit as multi-storied frame, for which there are n-stories
shown in Figure 2. The ot:ier continuity condi- and in-spans (thus m + I anchors), the analogous
tions are satisfied, circuit network contains n(2m + l) Interconwetir,

I-c ircuits. If there Is a crack on any girder or
When the first two equations in (2) are any Coluamn, the numnber of T-circuits will '.,re&%P

inversed. iwe have this: by one. Thie magnit~de of comutat ion for modal
r frequencies involves principally the inversion of

1i S s O Y two matrices of orders (3wm - n + 1) and (n)
liT ~ -I.respectively..

2*Y In representing beam-frame structures, I-
El 4 4) circuits corresponding to individual coluamns and

17 0 ~ girders joining at right angles arf. interconnected
~such that boundary conditions at the analog-frame

joints are observed. Kirchhoff's current law is
IVL TO S. rp. 'o rten In terms of the node voltage% which car-

1. t respond to the angles of rotation at the frame
where S *(cosh o sin a - sinh sCcos #)/s, T - joints. Under free vibration the coefficient
(sinh 0 sin I;)/a, F a (cash a sin 0 * sinh * matrix must be singular, and Peros of Its deter-

os )/,S' sinh 0 sin $/a, TO* (cash e - minant yield modal frequencies of the frame struc-
cos Bile, p,= (sinh Bl + sin 0),',, - cost,* ture. Order of the matrix I. equal to the number
cos 0 - 1. The first to) equat ions in (4) can be of frame joints. For each crack Introduced in one
rewritten as of the beam elements, order increases by too.
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Order of the matrix involved for an n-story, b) off-diagonal entries z,i+1 will b
m-span frame i. thus n(m + 1); n(m + 1) + 2 If negative of the sum of P values of all the cul-
there is a crack on any girder or column. The umns joining ith and i+1st floors. zij = 0 for
no;'e eqjatio' can be established as (Q. XT j > i + 2 and zij - zji. L is hence a tri-

i Y - 0 whe€e X is, n by n(m + 1), and Z is diagonal symmetric matrix.
of r-der n (n 4 1 Ly (m + 1) + 2, and of or.er n
+ 1 resoectively in the presence of a crack). The 3) To ?stablish X:
coefficie.it matrix (U - XT  ,-t X) is synwme-
tric. A step-by-step IchemAicjroceiure will now X is partitioned into m + I square subma-
be described to compute the entries of the irldivi- trices of' order n each. Nanely,
dual matrices without drawing any equivalent cir-
cuit. Reference will be made to Figure 6 which [X )I2.J . .T ].
illustrates a two-dimensional frame with and with- - l I
out crack. For simplicity m = 1, n - 2, and uni- k
for,. prorerties are assumed. With reference to a) diagonal entries x Ii
Figure 6, eacn beam element is identified by a 1 I k Refer-
number. The numbering order begins at the left n(k-l)+i+1' 1....n - I and nn - Sn Re
lowest column, proceeds up through the coluens on k
the same line in n stories, returns back to the riing to Figure 6a, xi for the kth wall", wall
second anchor, proceeds up vertically, ard in that denoting thp union of all the columns on the sane
order. Once the columns are finished, girders on Iine, is equal to S' value of the column under the
each floor are numbered progressively from left to node n(k - 1) + i mirus S' value of the column
right starting with the first floor and continuing above the -ane node.
or with the upper floors. Quantities related to a
beam element such as , , S', etc. are sub- k
scripted by the number of the element. The node b) off-diagonal entries x
is numbered by the column under the nrdp. If kthere is a crack on i wi (girder), the origi- -T (a )n+i+ 1,2.... ,n - 1. x 0 for
rnal number of the element refers to the upper.,n k k k
(right) side of the column (girder) which is flow J > and x j for J. are thus tri-
represented by two beam elements. The lower k
(left) side is numbered following the largest num- diagonal matrices. Referring to Figure 6a, x i,i+
ber in the scheme. Due to discontinuity of slope is equal to the negative of the TP value for the
at a crack, two new nodes are created on each side column above node n(k - 1) + i.
of the crack. In Figure 6b, cracks are repre-
sented by conductances -1/00k, where Ok = E1/LKk XT Z-1 X is thus in the form
is the sensitivity niarametev [1] based on charac-
teristic length L. The fol)l ". .j steps will be U... .... m4
presented in two parts: 2

3.1 Frame Without Cr:ck jF T

-112 222
As a guidance Z' and y ve'.tors are arranged X4 L x

as.X = {YI Y2 Y3 Y4, T , = Y Y 2IT where y"
and Y2 are the horizontal displacements of nodes 1 ,jT
and 3, and 2 and 4, respectively.

1) To establish U: (6)

a) diagonal entries uii corresponding where Uij = (Xi)TZ are s)qmetrit matrices of
to yj will be the sum of S values of the ele- order n.ments adjoining at the node i.

b fr w Based on the above procedure, the following
b) , off-duaqonal entries u-ij- will be Tk  matrices are obtained for the frame in Figure 6a.

if ith and jth nodes are adjacent and kth beam
element links them. Otherwise, uij 0 0. Due
to symmetry, ujj - uji. S1 + S2 + S5  T2 T5 0

2) To establish Z: T2  $2 + 56 0 T6
Us

a) diagoral entries z1 will be the T5  0 53 + S4 + 5 T4
sum of Ok valuet o; all the girder elements in
the ith floor plus ti .e sum of P values of all the T 6  T4  S4 + S6
columns adjoining at the ith floor, where Ok can
be expressed in terms of 0 of the reference ele-
ment as, Ok * ekB. (7)
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5". 4 1 + P2 + P1  P4  .11 -ri 1S MI4 M4  0 0

z.(8) "4 N4 -"4 0
- " - P i 6 ( 2) P ] 0 0 (15)

~ 0 0 5 SS -MU

[i - Sj -Tj Sj S4 461 
4

T i T4 1 where Mk  o.

3.? Frae With Cracks (Figure 6h) " [1 [ -7  01
y' and vectors are now given as y' y 2Y ' [ - P, 604 ]

I3 y, y7 Ye Ye).y Ii Yz yelT where y
and Ye are the deffections at the two cracks. (13)
Node equations corresponding to nodes which are
not adjacent to a cracked element will remain the P 0same relative to the pre~ious case. The new P4+P7  0
matrices will be of the fom D 0 PS P 8 j S4]

Ac [,.c (14)

01 T~ -Tj 0
A- (10) Ti j 2 ' T 0 T

where barred matrices are modified forms of Equa-
tions (7)-C). ith row is uchanged relative [ 41 . 16 0)
to jM if the ithe node is not adjacent to a crackd £2  0 , t1  a' 02 S _
element. ith row in I remains the same if there $8
is no crack on any column adjoining with the ith
floor. 1' is the sae as Ik if there is no rack The ;requency analysis applied to a two-story
on the kth wall. f Of there is no crack on single-span frame with six equal length elements
the kth wall and on any of the girders adjacent to and with data of relative changes of 0.010 and
the kth wall. 0.015 in the first two frequencies respectively

yields, under the assumption of presence of single
Following the procedure in Part 3.1, the crack, four possible damage pairs: (61, e?) -

submatrices for the frame in Figure 6b are (0.108, 0.906), (92, e7) - (0.182, 0.816), and due
obtained as to s)metry, (63, e,) a (0.108, 0.906), (0., e7) =

(0.182, 0.816). where e7 indicates relative crack
" + +location measured from the lower end of each col-

S *S 2  S8  T2  0 0 in. The crack is thus on ore of the columns. In
order to determire the actual damage pair within

T2 $2 + S6  0 T6 s)ietry, relative change in' the third frequency
i is required. (61, e?) and (92, e?) would produce

0 0 S3 + S + 7  0 relative changes of 0.0074 and 0.0155 respectivelyS6 7 in the third natural frequency. It may be argued
0 T 0 S4 s that if the relative change In the third frequency

could not be measured, then It must be mall and
thus (6, e?) or (0, e7) Is the likely damage pair.

0 0 0(11) 4.0 Conclusions

I 0 0 0 Use of circuit analogy in computing model
A -frequencies of a two-dimensional multi-story frame

T7 0 0 with or wi.hout cracks on it has been developedinto a formalized method. The method enables the
0 T4  0 0 study of effect of cracks on modal frethencles of

UL frme structures, as well as determination of the
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location and intensity of a crack, given suffi-
cient number of modal frequency change s. Compute.-
tion of modal frequencies of an n-story rn-spin
frame with k cracks on it requires finding zer~s
of a determitiant of order n(m + 1) + 2k. In the G0o
f inite element method, using generally requi ,ed
twenty elements per basic beam segment, there are
40 n(m + 1) nodes each with tvm degrees of f'ree-
dom. The size of computation savings is ilmost
40-fold. However, using circuit analogy In deter- Figure 4. Analog circuit for a cantilever becm.
mining the location and intensity of a crack may
involve n(2uu + 1) computations of zeros of a
determinant of order n(m + 1) + 2.
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DYNAMIC LOADING: MORE THAN JUST A DYilAMI LOAD FACTOR

W. Karthaus and J.W.Leussink
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P.O.1oA 45, 2280 AA Rijewijk

The Netherlands

ABSTRACT Express the tratisverse motion V(x,t) as the product

'The response of a simply supported beam to uni- of a time functiua G(t) and a displacement function
form blast loading is determined by using the ?(x). For free transverse vibration (i.e.,
normal-mode technique. Especially for short load q(xt) - o) each displacement function F(x) des-

duration* the higher modes become important. The cribing one of the normal modes of the beam gives
rotary inertia and shear force deformation have a solution if G(t) is chosen as a periodic functim,
to be taken into account. At short load durations with a period that corresponds to the mode under

high peaks of shear force appear near the supports consideration.
imediately after loadin!; Thus F ax) sin n and Ca(t) - AnSinwat +

+ ReCusant n - 1,2,3,...

I. INTRODUCTION vith w 2 . nw oEl which gives for W(x,t):

In literature such as T4 5-1300 I1] and Biggs oA
C21 the starting points for the design of explo- C n * A .t Costj t)
sion resistant constructions are the static V(x,t) ",I Sin (Anstn nn t (2)
shapes of deflections of the construction paics
and the static force distribution. A particular solution of eq. (I) can be found by
For the dynamics usually "dynamic load factor splitting up the load function q(x,t) in function
is introduced. Experiuents show clearly, how- corresponding to the normal modes as well:
ever, that dynamics is more than just statics
multiplied by a DLF. Plates that are simply sup- q(xt) =31 qn(x.t) * ,I Sin n ) (
ported at two opposite edges and would collapse
in the middle in the event of static loading, The complete solution of eq. (I) can be found by
appear to collapse close to the supports some- combining the calculated responses for every
times when exposed to a uniformly distributed qn(xt).
explosion load. Tie constants An and 3n are estahlished from the
Apparently not only the amplitude, but also the initial conditions. When the displacement V(xt)
shape of the deflection, shear force, and bending is knomn the bending moment M(x,t) and shear force
mment diagrams are influenced by the loading D(xt) can be calculated by the following equations
rate and the duration of the load.
To get tore fundamental insight in the dynamics M(st) - - V"(z,t) and D(x,t) - M'(xt) (4)
of explosion loaded plates a theoretical study Calculations have been wAd for several response
has been performed of the behaviour of an ideal- durations t4l. Interesting responses are found for
ized simply supported elastic beam. the extra vclues of the triangular load, namely
The beam will be subjected to an uniformly distri- the step load and the impulse lad.
buted blast load. i.e., the time variation in the Results of the step load are as follois:
load is the sawm at any point x. As for the deflection, the bending moment and the
The blast load is simplified by a peak t'tangular shear forces, the aximun values-are dominated by
pulse of variable duration, the let mode response. Zamediately after loading the

*2. 3ERNOULLt-EULER &RN influence of the higher stormal modes are percept-
ible, but the corresponding reapue'se values are small.

It is obvious to start with a simple prismatic kesults of the impulse load ate as follows:
flexural beam that has uniform density p and has The deflections can be ralculated and have the
constant stiffness .I. The governing equation of shapes as illustrated in Pig. 3. The bendingsmoment
motion during elast c response is the following calculations yield quite whimsical results, which
vell-knov equation [3*, cannot be clarified. The influence of the higher

EI""(xt) + rA " Xt) - q(xt) modes ts very apparent.
For the impulse load it appears not to be possible

This equation tol.es into account transverse in- to calculate the shear force. The series for the
ertia and bendin; deformation. To solve this shear force does not converge.
equation we use .he normal-mode technique 13).
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As a result of the calcu'ations it can be said that phase. This resultr in a more longitudinal type of
for long load duration the first normal mode domi- miotion in the beam response.
nates the beam response i.e. for response calcu-
lations methods as given in i1 and[2j are useful.
For very short load durations deflections can be
calculated, but the calculation of bending ments
yields doubtful results. High natural modes have
to be taken into account, which mean that the in-
fluence of rotary inertion and shearing deformation '
cannot be neglected.
To enable the calculation of the beam response for
short load duration a sore complicated equation
of motion is needed.

3. TIOSIHEN O BEAM

An equation of motion that takes into account the -

influence of rotary inertia and shearing deform-- "
ation is given by Timoshenko [3]. Fig. I shows a
free body diagram of a beam element.

T-DAad, (5a)
R-oIdx Fig. 2. Nstural frequencies as function
D G ? (of n [4].
M- -Elf' From Fig. 2 it is seen that for the Timoshenkobeam

I [ 'the frequencies of the higher modes are proportio-
I nal to n, the number of the mode, instead of n2 in

W 1 R d case of a Bernoulli-Euler beam. This mans a better

chance for determining the impulse response,including
- - shear force, because the series will converge better.

Response calculations [4) for the impulse load
yield the deflection, bending moment and shear
force diagram shown in Fig.3.

Fig. I. Free body diagram of beam elewent The parameter values used in the computation are:

The equations of motion are derived from the equi- E - 30.109, p * 2400, v - 0,2. K - 0,845, 1 - 20.

libriuu e.uations for forces and moments which The deflection is given for time steps lt - T
after filling in the relation (5s) and (Sb) result where T1 is the duration of the first mode.
in The bending =oments and shear forces are given for

- IE )11"+ - EL q t- 16.I0-5 TI , 0,0006 T I , 0,005 Tj and 0,0195 T I

kG kG V,-q AG + AGq respectively.
Letter n denotes the number of natural frequencies

(6*) that are taken into account. As unit for the scale
and 2 is chosen the maximum value of deflection, moment

EIT . pAY- pI(l + E- . q (6b) and shear force respectively when only the firstG +qmode is taken into account.

Parameters W, Y, D and M are functions of x and t. Worth noting in Fig. 4 are in the first place the

To establish W(xt), D(x,t) and M(x,t) we have to high shear force peaks at the supports imediately

solve eq. (6a) and (6b). And here again the normal- after loading and secondly the disturbances in

mode technique described before is used. The deter- shear force and moments that run from the supports

mination of the frequencies of the normal odes to the middle of the beam. The velocit , at which

produce two sets of natural frequencies' (see Fig.2). these peaks travel is about 2075 me 14. which

This means that for each value of n there are two equals the Rayleigh wave velocity calculated from

different frequencies. Analysis of the nature of-
the types of notions corresponding to these two I.tl1v ! 0862 t5]

sets of frequoncies show [4 : I
The lover frequencies in the first set describe
mainly the bending part in the response and the with G - 1,25.1010

higher frequencies in this set describe mainly the v - 0,2

shear part in the response. u,.erally speaking this p - 2400

set of frequencies describes the transverse motion This is a very promising result because a velocity

of the response. of the order of the transverse wave velocity is
The second set of frequencies originates frof the expected.
coupling term for rotary inertia and shear fcrce

deformations in the equation of motion. The cobi-
nation of this set to the response is equal for
bending and shear but the corresponding displace-
ments for shear and bending are always oppoite in
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I.

DEFLECTION 41 The wave velocity appears to be dependent on the

frequency of the disturbance. The bernoulli-Euler

theory yields one dispersion relation, Timoshonku
00, two, one for each frequency sot, and Pochhmar-
a,%. Chree give an infinite number of dispersion rela-
014 tions.

The results are presented in fig. 4. It shoes the
dispersion relations of aernoulli-Euler and Timo-

BENDING MOMENT n * 251 shenko and three of the Pochhaamer-Chree relations.

S0 t ..

IA

SHEAR FORCE n - 2501

0/ I 0.4,eC
I PCbeaS--.I-I I

fig. 4. Wave velocity as function of wave length

From Fig. 4 we learn the following:
a. For increasing frequency values the 8-E wave

velocity reaches infinity. This meane that high

frequency disturbances are transmitted instant-
iouie. Only very low frequencies coincide with
the first F-C cdrva.

b. The first P-C and tirest T wave velocity curves

Fig. 3. Deflection, bending moment, shear coincide and have as asymptote the Rayleigh
force diagram wave velocity [4).

c. The second T-curve envelopes the other P-C

4. DISCUSSION OF THE R.ESULTS curves and has as symptote the longitudinal
wave velocity C0 (velocity of sound).

Questions that remain are: what 
is the influence

of the damping on the results, and how close is It can be concluded fran this exercise that:
this approximation to reality. 1. BE-theory gives proper solutions for dynamic
Damping: Especially for the shear force calcula- loads that are governed by low frequency compo-
tions which need a high nmber of natural frequen- netas.

cie t4) damping may be an important factor. The 2. T-theory can be applied in -1. owes. The ms-
important peak values at the supports, however, ure in which this theory Is exact Is determined
appear i~mmdiatery after loading so that damping by the contribution of the second frequency set

.does not have any influence here yet. In the middle to the solution.
of the beam the peak values may be a bit lower as Calculations with the Timosheako-theory applied to
a result of thk reduced influence of the hilher simple beam sho that the response is mainly de-
modes (Material daing in concrete - 0,01 for all termined by the first frequency set. The influence
frequencies [6]). of the second frequency set is strongest in the
Validation of the theories: The validity of the determination of the shear force. The difference
theories are judged on the basis of an example. in maximm shear force values calculated with or
Suppose a semi-infinite elastic bee having & cir- without the second frequency set, however, is less
cular cross-section with radius a. for the wave than 4 percent
velocity c of a harmonic disturbance placed at the
beginning of the beam an exact solution for v-0,29
is available (known as the theory of Pochhmmr and
Chree (7]). 1Th wave velocity is also established
with both the ernoulli-Buler and limoehenko
theory.
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5. CONCLUSIONS

a. For load durations td ' T1 the first mod, is
governing the response.-Methods for responti
calculations as given in r1] and [2] can be us-d.

b. For load duration td < T1 higher modes have to
be taken into account.

c. For very short load durations td - T, veryhigh
wmdes become important in the beam response.
Rotary inertia and shearing deformation have to
be taken into account.

d. For short load duration peaks in shea force
appear near the supports. These eaks are a
qualitative explanation of the deviating fail
behaviour mentioned in the introduct~on.
To be able to design for these high shaer force
peaks it is necessary to know the materil be-
haviour under extreme deformation rates.

e. Thanks to the aid of the computer the analytic-
al solution derived earlier leads readily to
surprising results, which with the finite ele-
ent methods which are frequently applied at
present cannot or can hardly be determined.
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N ITHE EFFECTS Or INDIRECT-7Flt MNTIN~~ ON FRAMIED STRUCTURES

Bruce L. Morriat

0Patricksd Zansl
Southwest Research Institute

San Antonio, Texas

AIbbTEACT TABLE 1. CRITICAL MID-WEIGHT LATERAL DEFLECTIONS

'This paper reports an effectiveness evaluatiou Counefti (chs
of the upe of iodirett-fire mnitions againut sloal- Cl ~ -Dfeto nhs
and reinforced concrete-framed structures toin Lo cation Stool Column Concrete Column

columns due to lateral blast loads, crushing of .rr
columns 6v vertical blast loses, response of inter- Exterior 591.
ior and enterior walls to blast and froxisonts. Ineir771.
response of personnel to blast overpressures andteio
wall debris, and the formation and location of
rubble caused by the detonations of these munitions ~ The response of any of these columns to a

'4 ateral, time-varying load is dependent upon both
"YICAL" STRUCTURFS the peak pressure or force and on Its duration

(impulse). Isodauage curves (relating the peak
Two 'typical" officethotel structures. each pressure and impulse required to provide the criti-

200 ft by 200 ft In plan and ten atories tall, were cal deflections of Table 1) were generated for a
designed using reinforced concrete or steel struc- point load at aid-height of each of the six column
tural francs. Colums were spaced at 20-ft centers tyrpes. Since a blast does not produce a true point
in each direction with a floor-to-floor height of load, the pressures were assumed to act over an
12 feet, and the designs wers governed by Weareness ares equal to the exposed width of the colmni
I at.] 2 for the concrete and steel structures, squared. These curves are displayed in figure 1.
respectively. 1,lille the required column sections A presanre/impulse pair falling above and to the
vary through the height of the structure, the first- right of a curve will produce a mid-height defloc-
floor =*oe ore considered typical of all stories tion greater than that specified In Table 1. while
for ease of presentation. for the steel structure, a palt beow and to the left will produce a smaller
the corner, exterior wall and Interior columna deflection. The curves for the steel columns re-
are VW6, W12xIO6 and WI~x2II sections, respective- fleet bending about the weaker axis of the section.
ly. The concrete corner column Is 12 in. square
with 5.06 sq. In. of steel reinforcement, the All of the smitions selected for evaluation
exterior columns are 16 in. square with 10.2 sq. (the 105 me HE Nl, the 155 am 91 3107, the U-in.
In. of steel, and the interior columon are 22 in. HE M406 and the i,.? In. mortar BE 34329A1) are
square with 15.2 sq. in. of stool. capable of producing the required minizam Impulses

shown in Figure 1, but the requirrd stand-off dip-
COLUMN USPONS TO LATERAL LOADS tance from the loaded surface of the column ts at

moat six Inches. A blast this close to the column
An explosion between building floors will requires so means to assure detonation of the

produce a lateral load and deflection on the col- shell at that location. but so such mechanism
uses between those floors. If the permnent deform- exists. A direct hit Is then the only way to
ation of the column. A, is great enouagh, the dead destroy a column. T1he likelihood or probability
sand live structural loads, P. will caums collapse -of achieving a direct hit on rho selected columns
of the column because of its inability to resist by any-of the munitions above is, at best, a func-
the now-combined axial load and moent produced by tion of the probable errors (a round-to-round
the deflection. The critical, mid-height deflec- v-riatioo for a fixed aim point) In both range and
tion of the steel sections was calculated from deflection. References 3 through 6 provide Lhese

1.18 M data for a chosen range of fire of SOOG voters.
A P)..- ( The number of rounds required to achieve a 0.95

p probability of bit on a single column was calculat-
where~~~~ eh oetcpct,1,wsdtrie o d and results are presented In Table 2. It mat

the weaker axIs. The reinfolcead concrete columss bepitdothateereut aanhtter
were analysed using conventional Interaction dis- are no nearby buildings which would interfere with
graew. These critical leflections are aumanixted inc-oming rounds and that the walls and upper floors
In Table 1. of the structure under attack do not shield the

Interior columns. Ve also "suma that none of the
projectiles are duds. None of these conditions



10000 1 r7 ai

oo"bol Column

Steel, Corner

Steel. Exterior

5000 Steel, Interior

Concrete. Corner8 Concrete, Exterior

Concre'te, Interior

Peak -
Pressure
(psi)

1000 
n

500 I F-1 I I I I I,

5 10 50 100 500
Specific Impulse (psi-sec)

Figure 1. Isodmage Curves

TABLE 2. NUNBER OF SHELLS REQUIRED FOR A 0.95 PROBABILITY
OF HIT ON A SINGLE COLUMIN

Steel Colu ,m Concrete Cocl _m.r-

Shell Corner Exterior Interior Corner Exterior Interior

105 sm 586 403 355 403 355 236

155 -m 564 393 324 393 324 233

8-inch 276 188 157 188 157 113

4.2" Mortar 6240 4340 3608 4340 3603 2603

would exist in a real structure and with real pro- lower qua .i-static pressure as the gases expand in-
jectiles; therefore, the number of shells required to adjacent room). While the columns iidietely
would be mch higher than those shown In Table 2. under the detonation will likely crush, the columns

which support hes are protected somewhat in that
COLUMN RESPONSE TO VERTICAL LOADS the maximm load which they mast resist to limited

to the carrying capacity of coluses above them. E-
An artillery round detonating between floors of tesive structural collapse from an internal detona-

a framed structure will produce vertical )iad& on tion is thus possible but will not be discussed fur-
the columns supporting the floor slab and beam near ther because of the wey unknowns which affect the
the detonation point. These vertical loads are the pressure loadings.
result of the reflected pressure from the shell and
of the quasi-static pressure buildup in the room in RESPONS2 07 INTERIOR AND EXTERIOR WALLS

which the explosion occurt. Venting through windows TO 8L4ST AND 7RAGWENTS
is treated. This quasi-statie pressure is a strong
function of the volume into which the explosionpro- Exterior walls of framed structures serve pri-
ducts expand, and this volum i determined by the marily as an environmental shield and are not part
strength of the luternal vils (weaker walls will of the load-carryipg system of the building. They
be destroyed by the initial blast and will cause a range in thickness from a heavy brick-and-block com-

156



blination to relatively light panels of glass, metal ence 13 supports this value for "fast" rising over-
or other material. Interior walls range from nomi- pressures with durations of from 0.003 to 0.4
nal dry-wall construction to 4 in. hollow tile and seconds. The threshold for eardrum rupture occur3

plaster. Reference 7 has given an average room at S pal. The direct blast from a 155 sm, @-in. or
size for these structures of 13 ft by 20 ft. If 4.2-.in. mortar shell in the 20 ft by 13 ft room
one of the previously listed rounds detonates in exceeds the level for 502 eardrum rupture as does

the. center of such a tom, any of the above walls the quasi-static pressuro from the 105 am rou.1d.
will be removed by the resulting initial blast and/ It mst be observed that all of the-e blast effects
or quasi-static pressure. There is the possibility, or Injuries are in addition to the more lethal

however, that the very early-time failure of light fragmentation effects of the munitions.
interior wells would sufficiently inceaO.J the vol-

was into w.ich the quasi-static pressure expands PERSONN4EL RESPONSE TO DETONATIOW DEBRIS IMPACT
that the heavy exterior wall my s•and after the
detonation of a 1OS-ma round. The impact and point detonation of an artillery

shell on the outside of a brick building wall will
The 105 -s, 155 mo and 8 in. WE shells depend probably produce brick-site fragments in the room

upon fragmentation for a major portion of their behind the wall. The velocity of these fragments
effectiveness against personnel. The Gurney equa- is dependent on the amount oi explosive in the

tion (Reference 8) predicts initial fragment shell, and the velocities for a 6.2-lb brick can

velocities of 2950 ft/sec. 3320 fttsee and 3570 ft! range from 138 fItsec to 300 ftlsec for 105 me
sec for these shells, respectively. An avsrate and I in. shells. respectively. The probability of
fragment weight of 90 grains is typical. fragments death (P) from projertile-induced tratma to the
of this weight and the above velocities cAn parlor- thorax has been given in Reference 17 as
ate *well eonsisttn of a total of two inches of plas-
ter and still have a residual velocity greater than 1
that required to peWtTate wtnter clothing (Refer- 1 + exgin + Btn(Ny2/1D)1

ences 9 and 10). These ragasRnte also have the
capability to perforate up to thee or sore drywall where M - projectile mass, $rams

partitions and still pose a severe threat to per- V - velocity of projectile, insec
sonnel in other room. However, the floor slabs D - projectile diameter, ce
form an effective shield protecting personnel on W - mass of target animal, kg
adjacent floors from fragments. a - U.90

0 - -4.39.

RESPONSE Of PERS~HNEL TO BLAST OVERPRESSURE Combining the above brick mass and velocity with a

The blast overpressure from a detonating shell 70-kg human target, the 105 m, 155 -n and S-In.

can kill or injure oearb' personnel through any of shells all provide a probability of death greater
several mechanism: primary blast (daage to it- than 0.95 for a person struck by such a projectile.

There are, however. a very few such projectiles,
couioeidij tifses of thg lung'c, secendary demage and the probability of being hit by one is small.

(iipact by object, wdlkti are accelerated by the
blast), tertiary effects (whole body translation FORMATION AfD LOCATION OF RUBBLE %
and impact on rigid surfaces), and eardrum rupture.
Secondary damage will not be considered further. Suseained artillery and aerial bombardments of
Researchers at the Lovelae Foundation (References Vorld ar Ii produced enormous quantities of build-
11 and 12) have developed pressure versus duration Ing rubble free the collapse of the load-bearins
lethality curvet for hunss due to p-lary blast brick wall structures which were prevalent at the
damage. These curves suggest that the initial time. Today's frated structures do not have the
blast at a distance of 10 ft from any of the select- mounts of material available to convert to rub-

ed munitions is below the threshold for lung damage, ble if one agrees that the floor slabs of the
but the quasi-static pressure from the 8-in. shell structures will not be destroyed and that entire
in a 20 ft a 13 ft room will rea,-t in lcss than otructures should not collapse. Shell detonatsons
1 survival and the 155 me shall will reult in in the canter of a room behind the building eater-
less than 101 survival. Personnel have a 98% or tor walls will probably (as shown earlier) rupture
greater chance of survival from primary lung damage those walls and propel the brick or other material
due to blast from the 105 m or 4.2 in. mortar HE picee into the street below. The maximum ground
shells. rage for a brick or block piece coming from the

top floor of our "typical". building is approxi-
BlHast overpressure and Impulse serve to produce mately 25 feet. A lO-atory, heavy clad structure

wbole-body motion and, if rigid impact surfaces are (brick and block exterior walls) will have around
assumed. an impact velocity of 10 ft/sec represents 382 of its exterior surface covered by glass (Ref-
a "Mostly safe" level (Raferon"'a. 12. 13 and 14). erence 7), and the in-place volem of the Vall
The method developed In Roitrense 15 indicates that materials Is 39 it par foot of street frontage.
the velocity Imparted to a 154-lb (70 kg) person If a 1.3 expansion factor is used to include the
is much less than thie "mostly safe" level, effects of partly bt;.ken blocks and if the total

exterior wall were blown out free the structure,
airch (Reference 16) has concluded that there the rubble volume v)uld be 51 ft3 per foot of

is a 502 tu-;ure probability of eardrum of exposed building frontage, Bach 13 ft by 10 ft room wall
person ci at an overpressure of 15 psi, and Refer- section st be removed individually. The
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resulting rubble pile should be triangular in 4. FT 155-AN-i, "Cannon, 155 em Howitzer. NI1BS,
shape. extending 25 feet from the building base on Nowitser, Medium, Self-propelled, 155 sm,
and approximately A ft deep at the building wall. K109AI,....... (Charge 4G, Table G), September

1972.
The debris from a light clad structure (glass,

metal or other thin material exterior walls) can S. FT 6-Q-1, "Cannon, S-inch Nowitrr, ?1101, on
consist of a number of relatively large-in-area, Howitzer, Heavy, Self-Propelled, 8-inch
thin panels. These walls have an average thickness NilOAl, Firing Projectile, HE, M4106,"
of b,.7 in. (Reference 7), of which 4.1 in. it light, (Charge 4G, Table G'), January 1976.
non rubble-producing insulation. The expected
Rroumd range impact distance is difficult to pre- 6. FT 4.2-H-2, 'Mortar, 4.2 Inchi 1430, Carrier,
dict because of lifting or tailing effects on the 107 mmMortar: 11106AI and 14106 firing Cartridge
panels, and the expected rubble depth should be HE, N329A1. .. ," (800 mile w/Fxtenn, Table
less than -We foot. Such walls would produce E) August 1968.
trash instiad of rubble. Trash would not be an
effective barrier to vehicular travel. 7. Eliefeen, Richard and L. R. Wicks, "Character-

latics of Urban Terrain." NSWC Tech Report
These rubble distribution patterns are based TR 79-224. June 1979.

on vail failure tinder the effects of the direct
blast from a shell detonating at room center. If 8. Gurney. R. W., "The Initial Velocities of
a super quick fuze mod* shell hits the outside w~all. Fragments from Scabs, Shells and Grenades
the iltbris will be blown into the building and will Report No. 648, Ballistic Remiearch Laboyat.ry,
rnot contribute to the rubble in the street below. September 1947.
If the vail she-ld fail under the quat-static
rather than in! tLal blast loading, the Oebris ~ . Butler, Stanley C., "Ballistic Limits oi
velocities and ground impact distances would be Tissue and Clothing (Addr-wdums to DEL Tech
slightly greater because of the increased impulse Note 1645)." AMSAA Technical Report No 230,
imparted to the wall materials. July 1978.

SW*IAKy 10. Sperrazza, J. and Kokinakis, W., "fialliatic
Limits of Tissue and Clothing," 311, Technical

The above analyses have shown that modern. Note No. 1645, January 1967.
framed buildings should not suffer severe struc-
tural damage or collapse under the effects of the It. Bowan, I. E., at al, 'Estimate of Nan's
indirect fire munitions considered. The exterior Tolerance to Lhe Direct Effects of Air Blast,"
and Interior walls can be destroyedl on a room-by- DASA 2113, October 1968, AD 693-105.
room basis, and personnel in the room on the ease
floor are not afforded any teal protection against 12. White, C. S., at al. DNA 2739T, July 1971.
the normal fragmntation of the rounds. rhe rubble AD 734-208.
produced by artillery bombarmnts of urban areas
should not seriously hamper vehicular traffic in 13. White, C. S., "The Scope of Blast and Shock
the streets. Biology and Problem Areas In Relating Physi-

cal and Biological Parameters.' Annals of the
ACKNCNLEI),'ENEN New Y'jrk Atadlemy of Science, Vol 152, Art 1.

pp -101. October 1968l.
The majority of work reported in this paper

was performed under Contract Number DOAAII-8l-C- 14. CPlemedson. C. J. , at al, "The Relative Toie,--
0042 with the U. S. Army Human Engineering ance of the Need, Thorax and Abdomen to Blunt
Laboratory, Aberdeen Proving Ground. Maryland. The Trauma," Annals of the New York Academy of
authors wish to express their appreciation to Science, Vol 152. Art 1, pp 167+, October-
Na. Brenda Thein and Nr. Elsworth Shanks of that 98
organizatin for thoir assistance during the
performance of the work. 15. Baker, Y4. F. . et aI. "Workbook for Predicting

Pressure Wave and fragment Effects of Explod-
RKIPERFMCES Ing P'ropellant Tanks and Gas Storage Vessaels:"

1. !jL4i~n~de cquiemots fr RinfocedNASA CR4134906, July 1975.

Concrete, ACI 318-63, American C.oncrete IS. Hirsch, A. E., "The Tolerance of Man to
Institute, 19b3S. Impact," Annals of "?.e New York Academy of

Sciences, Vol 152, Art 1, pp 168-171, October
2. Specification for th* Design. Fabrication and19.

FreLtion of Structural Steel for Buildigs,
Pmerican institute of Steei Conmstruction, 17. Handbook of Human Vulnerability Criteria,
1963. Chapteor 9, "Projectile-nduccd Blunt Trauma,"

Special Publication EBl-SP-76011-9. Idgewood
3. Firtzag Table (FT), 105-AS-?. "Cannon, 105 in Arsenal, May 1976.

Howitzer, M103, on Howitzer, Light, Self-
Propelled, 105 mm, M108. firing Cartridge,
HE, Ml ..... (Charge 4, Table G), November 1967.
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NOOtLs FOP DAwC OIGNOSiS IN soF STRICTURFS

0 MIng-Liang Wang', Thomas L. PaeI 2 , and Frederick ,ul

0
The Unive-sity of New Mexico
Albuqoierque, New Mexico 87131

ABSTRACT a structurdl identification procedure. In this
study the least squares approach is used to iden-

In structural engineering it is Imperative to tify the parameters of damaged systems using simu-
design each system to survive the inputs antici- lated measured input and response data. In order
pated over the design life of the structure. to make the simulated data realistic the ideal
Strong motion inputs cause systems to execute non- input and response are first generated, then mea-
linear responses, and during strong motion respon- surement noise is added to the signals.
ses structures acc..ulate damage. therefore, the
cloability to model nonlinear response and to Two models for the simulation of inelastic
assess the dmaqe level in a structure is essen- single-degree-of-freedoem (SDF) structural response
tial for optimal design. are proposed. The first is a Iigher order lInear

ordinary differential equation with constant coef-
Techniques for the diagnosis of damage in ficients. The second is a second-order linear

inelastic structures hlve ben developed. The ordinary differential equation with time varying
dissipated enerqy in mechanical system is taken coefficients. Methods for the identification of
as a measure of dmaoe accumulation. Two models the par4eters of these systems are presented in
for the simulation of damaged structural response this paper.
have been developed. The objective of this study
Is to use these models to estimate the amount of The differential equation governir.g the
energy dissipated due to a strong motion input, response of an inelastic SOF system is a second-

order ordinary differential equation with hyster-
The results show that structural damage can etic stiffness term, Some recent investigations

be predicted, even in the presence of measurement (e.g., Reference 1) have used a higher order lin-
noise. ear model to siewlate the behavior of the actual

system because the hysteretiL character of the
respone of an Inelastic system can be approxi-
mately matched by the hysteresis in the response

1. Introduct ion of a higher order linear System.

The ult imate goal of the structural engineer It is known that a structure subjected to in
I1 to design structures to survive preestablished extreme environment displays a response with time
enviroiments. Structures sutjected to strong dependent characteristics. Part icularly, a struc-
motion Inputs respond inelastically aid accumulate ture executing an extreme response can display
damage. This damage accumulation may leta to diminished stiffness and variable damping. The
failures. Therefore, In an accurate analysis of Investigition sumarized in Reference 2 demon-
structural behavior, nonlinear response as wlt as strates this behavior.
the potential for damage accumulation must be con-
Sideed. lei this Investigation, It Is assumed As damage accmulates in a structural 'system,
that the dissipation of energy is related to the its strength diminfshes. It is assued that dis-
accumulation of damage. sipated energy is a measure of structural damaqe.

As the energy dissipated by a system Increases,
To assess damage a cumulation, a model de- the residual strength decreares. The basis for

Scribing structural behavior Is required. This this assumption is established In Reference 3.
model Is characterized by Its parameters. In
Order ta determine the parameters of a system, The objective of this study is to dmonstrate
measured Input Ad response data can be used with that the two models described above can be used to

simulate the response of a damaged structure. The
relative merits of each model are discussed. The

'Research Assistant, Dept. of Civil Engineering results of some nmerical experimentation using2Associate Professor, Dept. of Civil Engineering similated data are presented. These Investigate
'Professor. Dept. of Mechanical Engineering the feasibility and accuracy of the models.
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7.0 Parameter Identification for Structural satisfy Eq. 4. But Eqs. I and 2 are meant to
Wels model nonlinear systems; noise Is practic lly

always present in physical signals, and the dis-

The differential equation governing the crete Fourier transform is often used i, practical.
-espnnsp (f an SDF system is analyses. Therefore, measured data will not gen.

erally satisfy Eq. 4. An error term, t(w), must
ma * u - f , (I) be added to Eq. 4 to establish equality. This

yields
where m is the structural mass, z is the displace-
meeit response, dots denote differentiation with il2
respect to time, f is the forcing function, and u C(w) ((Iw) " 

F(ca) - r(i'J
+ 2 Z(w)

ir tho ret-'n.. f"-e. This equation models the J-0 (

response of an actual system. When the system
response Is nonlinear, u(t) is a complicated func.-
tion reflecting che hysteretic character of the +I (CM+I(t) - 1) 2()1(
system. In this stiidy, two models will be devel-
oped to simulate the behavior of a hysteretic sys-
tem. These are equivalent linear models, where F(w) and Z(w) are the Fourier '.rainsforms of

the measured input and response 09gnals. The
2.1 tigher Order Linear 1odel optimum model parameters are tho'2 which minimize21 ithe error, in stwie sense.

The first model to be considered is a higher
order linear equivalent model. It is assumed that Define the square of t.e model error as fol-

the restoring force in Eq. I is governed by the lows.

equ at ion

M Ir. 2 2J(w) d. (6)'roCj uUM . cMI + z (2)

where c, J * 0,...,M 1 are constAnts charac- 'a and .. are frequencies which band t.ne char-

terizing the model; a supersc-ipt (j) reers to acteristic frequency of the SDF system. The sys-

the Jth time derivative of the quantity it fol- tem constants, cj, j 0 0,...,M + 1, are those

lows; and M reflects the order of approximation of whose valu's satisfy the sequence of equaticns

the linear system to the actual system. the
objective of the analysis i% to use measured data 0+(

to identify the parameters in the madel once - 0 , ..... N + .7)
thi is uone, the energy dissipated in the system,

during structural response can be evaluated. These constants are optimal in a least squares

The following procedure is used to perform sene.

the pa-aueter identification for the higher order
linear model. Combine Eqs. 1 and 2 In the follow- In this investigation computations tnvo.ving

Ing way. Solve Eq. I for u, then take derivatives two specifi caies, where K , 0 and N - 1, were

of the resulting expression. Use these in Eq. 2. performed. The governing equations (.q. 3) in

The result is these cases are second and third order differen-
tial equations, respectively. In all cases, a

c (f(j)  search procedure can be used to solve Fqs. 7. In
_- 2n(

J 2
)) . c 2 (3) the cases where 1 is s-iall, approximate analyslti

cai also be executed.

Since the parameter identification is to be car- mhen M - 0, the constants co and ci must be
rind Out in the frequency domain, Fourier trans- evaluated. An approximate analysis can be carried
form Eq. 3. Evaluate the modulus squared on both- out (Reference 3) where small-valued cross terms
sides of the equation; the result is --are neglected. Then the solution of Eqs. 7 can be

evaluated in closed form. Numerical tnvestiga-

cN ,2 tions hive shown the approximate analysis to be

c c1((iw)j F(w) - m(iw)
J 2 

Z(.)) qutt, accurate in this case,

mhen N > 1 approximate analyses of Eqs. 7 can
2 still be perloreed. but more accurate results are•I(941064' * 1) Z(W) () obtained using an exact search procedure. Ir the

present study an iterative Newcon-Raphson approach

this equation is asswmed to govern the response was used to find the solution of Eqs. 7. Other

ampltuies in the frequency domain, If 1) the techniques, including gradient search techniques,
system under consideration were linear, 2) all can also be used to solve Eqs. 7. .iumerical
measurements were noise free, and (3) all Fouriei exmples have shown that the aealysis described
transforms were exact, then measured data could here can be executed.

i~o
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Some numerical examples, solved usinq the i
techniques deeloped in this section, are suamar- (-MM 

+ 
ICo 

+ 
kO -iko0o(W) o40

i~ed in .ve~tion 3.0.
2. TimeVaring 3.0. r where I(w). i OW. Ia(u) and i (a) are the Fourier

transfo:ms of :(t). 0(t). z t) and z (t); and

The spcono model for inelastic system primes denote differentiation with respect to
response Is a time varying linear model. It Is frequency.
ass-.ed that the restoring forcp in Eq. 1 is gov-
erned by the equation Equations 14 can be solved se.quentially and

used in Eq. 13 to obtain an approximate expression

u(t) - c(t) i +k(t) z , for the Fourier transform of the response. The
modulus of the resulting equati(m can. be evaluated

where ctt) is a time varyirig dwming and k(t) is a to obtain

time varyi.q stiffness. The specific forms used I(
to represent #(t) and k(t) are given below. 0(1 o

c(t) • (1 * at) c0 . (9) i 0''.V) H(w) F(w)

k(t)- (I * Pt) k0 (10) * (acow- ikoP) 142(w) F(w)I (15)

where

a, co. p, and k0 are constants. As in the 2 °

previous analysis, the objective Is to use H(wC! (ko - ) + i(. (16)
measured data to identify the parameters in the

model. Once this is done, the energy dissipated This equation Is assumed to govern the reponse
In the system during structural response can be amplitudes in the frequency domain. 1asured data
evaluated, will not generally satisfy Eq. 15 for the reasons

The following procedure is used to perform discussed following Eo. 4. An error term l{,)

follwingmust be added in Eq. IS to establi h equality when
the parameter identification for the time varying measured data are used. Let 1 hz~) (,) benthe
linear model. It is assumed that the parameters a modulus of the Fourier transform of the measured
and 0 are relatively small compared to one. Then resPonse. Theon,
the perturbation method can be used to express the
rts.ponse. The response is assumed to be approxi - I Iz(m)*&t~ely C(") - Z(W) I- I (  (.)I . (17)

Z(t)" So(t) * z 0 t) M +ilat) . (1M) where l(.) is the expres'ion obtained when the
a Fourier transform of the measured input is used on

This etnression can be used, along with Eqs. 8, 9 ih right side of Eq. 1S.

and 10, in Eq. 1 to obtain the governing differen- The opt -- model parameters t1n be deter-
tial equition. The coefficients of the term. 1. mined, in a least squares sense, by minimizing the

, a sd * can be established, and equated to zero, square of the model error. The square of the
to obtain the sequence of governing equations model error is

w * o koz °  f , (IZa) du1)
mi +Ci 02+k z 0 t ' f "b

a' a c ko a " aot o 0 (b) 1 a

nm"I * co~+ * p -kot ZO  (12.) , and a ,-e frequencies bandir.g the charac-
p I + teristic frequency of the SDF system. The error

is minimized when the model parameter, are chosen
Since the parameter identification Is to be to satisfy

carried out in the frequency domain, Eqs. II and
I huLi be Fourier transformed. The results are 0 (2 U? |3

Z(W) Z o(w) * .1() * AZ (W) (13) 0 3T " (19)

These equations can be solved simultaeously using
C-Aw C * It ) So(w) F(W) (14a) a search procedure. In this study an iterative

o o 0 Newton-Raphson approach was used tf solve Eqs.

2 19. Other search techniques could also be used.(-aw * lco . k o) Z C.) - (o1 (() * wZ'(w))
S0m nAerical exmples mere solved using the

(14b) technique developed in this section. One of these
is somaarized in Section 3.0.
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2.3 Computation of Dissipated Energy Table 1. Parameters of the Forcing Function

It was stated in the introduction that thz a 0.1 N - 50
energy dissipated in a structure is a measure of
the damage accumulated in the system. The energy cj 10.0 , j ,...
dissipated in a structure can be calculated in the
process of computation of the structural re- 1j (1.8 + 0.008 J) , j = I ... 50

.ponse. Once the parameters of a structural sys-
tem have been identified the re;toring fkrce can
be calculated using citr;.r 1. 2 or Eq. 8. The The input generated using these parameters i
formula for dis.ipated ev,-gy is shown in Figure 1.

f zm:) In each example a different SF system was
D u(z) dz (20) analy-ed. In the first example a linear system
S ( u ,0 was consiodrad. In the second exampie a j,'.near

hysteretic systzo was used. The system p ramoters

where u(z) is the restoring force as a function of are listed in Tabie 2.
dispi_,scement, and z(--) and z(-) are the displace-
ments ei the times minus and plus infinity. A Table 2. Sys v Parameters

change of variables can be made in Lhe above Exampie
expression to obtain ExAmel _ __

m = 1.0 m - 1.0

ED u(z(t)) (t) dt . (21) c : 1.?6 c : 1.26

k = 39.48 k - 39.48

In the rumerical -olution of Eq. 1, z, z, z, and u ED - 12 k 0

ore determir-c! at each time step. The energy dis- 0 = 4.0
slpated car, be incrementally computed using these ED = 8225
value' .

-. 0) Nimerical Example m, c, and k are the mass, damping, and elastic
stiffness. ky and D are the yield stiffness and

Two numerical examples are solved in this yield level of the inelastic system. The actual
section using the approaches established in Sec- response of the inelcstic system is shown in Fig-
tion 2. In both examples the paraieters of an SDF ure 2. ThF energy dissipated during each response
system are identified. The higher order linear is given in Table 2.
model of Section 2.1 and the time varying linear
model of Section 2.2 are used. The parameters of !t is assumed that noise may be present when
the higher order linear model are identified for the input and response are measured. To simulate
the cases where M = 0 and M = 1. Once the model this, the generated input and response are modi-
parameters are identified, the method of Section fied by the addition of white noise. A ten per-
2.3 is used to calculate the energy dissipated in cent noise-to-signal ratio was uspd in the exam-
each model. ples. The noisy input and inelastic response of

Example 2 are shown in Figures 3 and 4.

The input used in this study is an oscilla-

tory random function with decaying exponential The parameters of the higher order linear
amplitude. The input is modeled by the expression model (N = 0 and M = 1) and the time varying Itin-

ear model were identified using the input and the
N responses, described above, in a computer program

f(t) = e-at c cos(w.t - ) , 0 < t < T . -(Reference 3). The parameter identification was
J-1_ perfo.-med using both the noise-free and noisy sig--

nals. The results of the computations are given
(22) in Tables 3, 4, and 5. The model responses are

compared to the actual response In Figures 5, 6,
a is the amplitude decay rate of the input; N is

the number of harmonic components in the input; Table 3. Linear Model Parameters (M = 0),
cj, J - 1,...,N are the input amplitudes; wj, Energy Dissipated
j = 1,...,N are the frequencies where the input
has power, *j, j - 1,..,,N are mutually indepen- Noise-Free Case Noisy Case
dent uniform rariom variables distributed on the Actual Response: Actual Response:
interval (-w, v). The input is an approximately Linear Nonlinear Linear Nonlinear
normally distributed, nonstationary random proc- (ex. 1) (ex. 2) Lex. 1) (ex. 2)
ess. The parameters of the input u~ed in the
examples are listed in Table 1. cc 40.0 34.6 39.2 32.0

cl  1.28 1.75 1.37 1.95

ED 10720 7700 10900 6476
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Table 4. Linear Mdei Parametcrs (M ),The results of the numerical examples lead to
Energy DissIpated the following :onclusions.

Noise-Free Case Noisy Case 1. Linear and nonlinear hysteretic SOl sys-
Actual Response: Actual Response: tems can, in some respects, be accurately modeled

Linear Nonlinear Linear Nonlinear using second- and third-order linear differential
(ex. 11 (ex. 2) (ex. 1) (ex. 2) equations with constant coefficients, and a

se-cond-order linear differential equation with
cc 39.2 30.3 34.3 32.0 time-varying coefficients. The models provide

c1  1.28 3.95 2.98 2.60 accurate simulations when displacement response
and energy dissipated criteria are used.c z 0 0.07 0.05 0.02

FD 11090 7598 11710 6803 2. The frpquency domain approach can Le used
to identify model parameters of all three models
when the force and response measurements are

Table 5. Time Varying Linear Model Param- i " y.
eters, Energy Dissipated

3. The second-oraer model with time-varying
Noise-Free Case Noisy Case coefficients provides the best simulation of sys-
Actual Response: Actual Response: tem response and energy dissipated among the three

Linear Nonlinear Linear Nonl inear models considered.
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4.0 Summa;y- and Conclusions

The objective of this study was to develop 8o.o
approximate linear models for the simulation of
inelastic system response and the measurement of
damage accuulation in a structure. It was
assumed that energy dissipated is relktel to the 40.0
accumulation of damage. The model parameters. were
identified, then the energy dissipated during a a
strong mtion was calculated. The displacement
response and the energy dissipated in each model
were compared with the displacement response and 2
energy dissipated in the actual structure.

Three basic models were considered in this
study. ThE.e are second- and third-order linear
models with constant coefficients, and a second
order linear model with time-varying parameters. 0.0 50.0
The frequency domain approach was used in all the
parameter identification compiutations. Figure 1. Signal used to simulate actual input.
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0o 0.
4.0 -4.0!

.0 T-e 50.0 .0 .0 Tim-Sec 50.0

Figure 2. Signal used to simulate actual dis- Figure 5. Comparison between actual response
placement response. (thin line) and model (M = 0)

response (thick line).

90.0i 8.0[

4 0.0 0

-40.0 -4.0

_0.0i -8.0
0.0 lime-sec 50.0 Tim-Sec 50.0

Figure 6. Comparison between actual response
Figure 3. Input force plus noise. (thin line) and model (M = 1)

response (thick line).

8.0 8.0

-4.0 o -4.0

-8-01 -6.0
0.0 Time-Sec 50.0 0.0 Tim-See 50.0

Figure 4. Displacement response plus noise. Figure 7. Comparison between actual response
(thin line) and model (time varying
parameter) response (thick line).
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rN4TODAY'S CONSTRAINTS DRIVE AMII MAGAZINES UNlDRGROUND

0 W. A. Keenan mnd J. E. Tancreto

/ Naval Civil Engineering Laboratory
Port Hueneme, California

ABSTRACT PROBLEM

Aboveground miagarines for storage of asuni- The existing concept for same storage encum-
tion ate increasingly difficult to accomoadate bers large areas of valuable real estate - at a
%.lthin constraints imposed by explosives safety, time when the Navy is already faced with a rising
physical security, survivability, and fleet oper- cost of land acquisition (which is sometimes not
ational requirements. The Navy ha developed an available at any price), shrinking supply of
alternative design concept, called a chimney mega- buildable land, *ad increasing encroachument by the
line. The chimnecy magazine consists of a box for private community. Further, aboveground magaziaes
weapons storage, two chimmeys for access to stor- provide limited physical security - at a time when
age, a horizontal sliding door over each chimney, a both th!f terrorist threat and the arma, amunition
blanket of soil over the box, and a straddle trail- and explosives requiring secure storage are in-
or to retrieve and transport weapons. The concept creasing. The problem is partitrularly aci~te at
dramatically increases the physical security and coastal activities sad certain installations ii,
survivability of storage and dramatically decresas Europe. Faced wita this dilemaw, the Naval Civil
the encumbered land area without compromising Engineering Laboratory (NCEL) is developing tech-
explosives safety requirements for noncouuicatlon soelogy and concepts for alternative solutioni. 'the
of explosions, damage to storage from explosions, goals are new design corpcepts ior sommo sto 'rage,
and protection of life and property in inhabited maintenance, testing aand transfer facilities which
areas from blast, ground shock, and debris. It is are affordltle ace also meet -!Xploilves safeti,
concluded the chimney magazine offers high pote'n- physical security, survlvkbility, and fleet ope.s-
tial of being a cost effective concept to mpeet DOD tional requirements.
requirements fur tomorrow's aomm depot,

SOLUTION

INTRODUCTION A new design concept fo. mo storage smaga-
mines is illustrated in Figures I and 2. Tha.

Amnition storage magazines comprise the
largest iovestiment. of reol property inventory at .2
shore activities supporting the Naval ammunition
logistics system. The traditional magcxino design . V- . .

is an abovegrouad, arch- or box-shaped structure W...-.-
bermed with soil. The soil berm, 2 feet deep over N.
the roof, extends horizontally beyond the walls
where it slopes down over threo sides of the struc-
ture. The fourth side Is a vertical beadwall with
dors for b rizontal access to storage. The design
ccourept is perennial, dating back almost to the
di.covery of gum-powder.-

Safety is achieved by separation distance.
ireedom from risk of sympathetic detonation betw-.en Fgt1.Ammounibo depo of cdmne masm
magazines is achieved by providing a minims sepa-
ration distance between magazines. Freedom from
risk of damage to contents from explosions in other
imagasinea is achieved by blast hardening headwalls
and doors. Safety of unrelated areas outside the ..

mtagazine depot is achieved by providing sufficient
separation distance to limit the risk of Injury and
damage from blast, fragmnts and debris caused by--
an isafdVertent explosion. For 350,000 Pounds Net ,...4-
Rxplosive Veigbt (011) of storage per magazine, the L H L ,
reqeired separation distance to unrelated areas--
exceeds 3,524 feet and encumbers over g96 ares of-
land.

PFiav L. bsmne o &AY Main



magazine depot has a flat surface. The minimum as a curb to prevent surface water from entering
sPacl'l 3betveen magazines in any direction is about the chimney and to force alignment of a straddle
I.OW , where V is the NEW limit of any magazine. trailer over the chimey.
This is the minimum spacing allowed by DOD explo- An interior view of the chimney is shown in
sives safety standards to prevent explosion con- Figure 3. The floors of the chimney and box are at
munication between underground storsge chambers. the save elevation. Each chimney has a personnel
For V = 300,000 pounds NEW, the minimum spacinp access-escape ladder and a floor drain leading to a
between matazines,/3would be 100 feet, compared t.o sump pit. The area of the vertical wall common to
84 feet (I13 w" ) side-to-side spacing and the chimney and storage box is open for ease in
402 feet (6W ) front-to-rear spacing required by moving weapons between the chimsncy and box.
DOD safety standards for aboveground, earth-
covered, box-shaped magazines. Sliding Door: Each chimney in the magazine depot

Essential elements of the design concept are a supports a horizontal sliding door, as shown in
rectangular-shaped box for weapons storage, two Figures 1, 2 and 4. The door, constructed of
chimneys for access to storage in two bays, a massive concrete and steel, is designed to safely
horizontal sliding door over each chimney, a blan- resist the blast overpressure from an explosion in
ket of soil over the storage box, and a straddle an adjacent magazine. It also i3 eLpected to meet
trailer to retrieve and transport weapons. minimum requirements of a high-security door to

provide a minimum delay time for forced entry.
Storage Box: Ammunition is stored in a large Further, the mass @ad construction of the door can
box-shaped structure constructed of conventional provide a much longer delay time to a larger spec-
reinforced concrete. Many magazines in the current true of terrorist attack scenarios, compared to
Navy inventory are arch-shaped stri:ctures but conventional hinged and hanging vertical doors
studies of the present and projected types and mix common to aboveground magazines
of Navy weapons call for a box-shaped structure for -
maximum space utilization. interior dimensions of '. *

the box are about 70 x 70 x 18 feet high. The box
has two storage bays, separated by two reinforced
concrete columns designed to safely support the - .
roof loads (Figure 3). The entire box is designed
to safely resist dead plus live loads. Effects
from an explosion in an adjacent magazine are not
expected to dictate ths design loads - the effec-
tive mass of the roof slab plus the soil above it
should be sufficient to safely absorb the blast
energy from explosions in other magazines. The
rated st3rage capacity of the box is about
300,000 pounds NEW.

F w e 4. Bast-rniitant, hqh-securiy diding doot over ohimeny.

The door consists of two leafs. Each leaf has
heavy-duty rollers that ride on the chimney curb
and set in groves when the door is either open or

-.closed. The "ss and mechanical systew of the door
." is such that only the straddle trailer can operate
" ... . the door. A circular hatch in one door leaf allows

. ,for personnel access via the chimney ladder.

I , Bridge Crane: Pallets of bombs or gun amunition
and metal contuiners of missiles, torpedos or mines
are transported between the storage bay and its
chimney by a bridge crane, illustrated in Figure 3.
The bridle crane, one in each bay of the storte
bcx, rides the full length of the storage bay on
two overhead rails fastened to the ceiling of the

Fgrr 3. Caqo tanspon sysm nidi chimney magazine: owrhe ad-til storage box. All cargo in a bay is serviced by its
systmsndbsidecrne own bridge crane; no cargo passes across the colum

line of the storage box. Metal containers are
Chimney Access: Access to storage is through a fastened to their spreader bar and lifted by a
reinforced concrete chimney cast monolithic with hoister (mechanical or electrical) connected to the
tte storage box, as shown in Figure 2. A chimney bridge crane. Transport of pallets is similar
is located at one end of each bay to service stor- except the pallet is lifted by metal forks that
age in its bay. Interior horizontal dimensions of reach under the pallet like "stackr" blades. The
the chimney are about 28 x 6.5 feet to allow easy overhead rails in the chimney area span the width
access to the largest containerized weapon and of the chimney to ledge supports on the far wall of
palletized unit of ammunition in the projected Navy the chimney. When not in use, the overhead rails
inventory. The chimney extends about 12 inches in the chimney area swing back into the storage box
above the el,;vation of the soil blanket. The to allow unobstructed flow of cargo up and down
chimney osion above the ground surface serves the chimney.



Desigo of the cargo handling system in the with a steel fram superstructure end a timber bed
storage box is extremely critical to acceptance by or platform. The platform is allowed to be raised
field personnel and safety authorities. Plaintain- or lowered by meas

s 
of a motor-driven winch at-

ability, availability, simplicity and reliability tached to the trailer frame. The lift capacity of
of operation are paramount. The bridge crone the straddle trailer is about 20 tons.
concept is no panacea - alternative cargo handling
system must be studied. * .ew,-*'

Soil Blanket: The soil blanket form a flat sur-
face over the entire magazine depot (Figure 1).
The depth of soil over each storage box is the key , '-u-
to explosives safety performance and reduction in -: "
eucumbered lankd area. Given an inadvertent explo- 1 - 1'i,
@1oo involving the entire rated NEW capacity of the .
magai.e, the soil blanket serves three very.
important funct ions.~2 .~o

First, the soil blanket nust provide suffi-
cient mas to limit shock waves reaching the &too-
aphere to those escaping from the two chin- - a."
*eye - Dot through the roof. Thus, the roof moat ,h-
not breach and offer a major escape route for shock r f
waves before internal pressures have decayed suf- And ad U UMPOM
ficiently. Given the desired performance, the
far-field bleat environment will be significantly
les6 then that from the same explosion in an
aboveground magazine. Consequently, the required ,
separation distance to unrelated areas, e.g., ' --'*
inhabited facilities, is significantly less than. _.
that required for an aboveground magazine.

Secondly, the soil blanket serves to reduce 4
the maximum possible strike range of concrete
debris missiles significantly below that from an
aboveground magazine. The logic is a:; follows.
The total shock plus gas impulse applied to the
roof slab plus soil cover mut.t equal the charg~e in
their momentum. Therefore, the initial launch
velocity of concrete debris missiles is directly
proportional to the total mass of the roof slab FigureL Straddleik Iowa-srmps doam dsamwo
plus soil cover per unit ares of roof slab. Thus, oddownThtoney.
doubling the soil depth reduces the launch velocity
of concrete debris missiles by almost one-half. The straddle trailer passes cargo into and out
Finally, reducing the debris launch velocity by of the storage box as foliowa. To retrieve cargo,
one-half happens to reduce the maximum possible the straddle trailer is first drawn into position
strike range of debris missiles by a factor of over the chimney. The chimney curb assures align-
four. Thus, the maximum possible strike range of ment. Next, the trailer winch is used to lift-
debris is inversely proportional to the square of and-Oide open both leafs of the chim y do~r.
the soil depth, approximately. T, mas sad mechnical system of the door allows

Third, the mas of the soil blanket subatan- only the straddle trailer to open the chisaey
tially reduces the threat of forred entry into the door - physical security is thus assured. The
magazine via the roof, which is a c-rcern for trailer platform is then lowered down the chimney
standard aboveground magazines, to its floor. Guide wheels above the trailer plot-

Simply stated, the soil blanket allows the form assure alignment of the platorm in the cbi-
Navy to release land normally encumbered by explo- ney and prevent sparks from friction. Should the
sives safety arcs and to significantly enhance the trailer winch malfunction, safety against freefall
physical security and survivability of storage. of the platform is assured by a dog-ear ratchet
The cost-benefit of this strategy depends upon the guide fastened to each wall of the chimey. A
cost of soil fill (or excavation as the case may prabe under the platform sounds a bell on t-bh
be) and the value of Navy real estate. Bared on trailer and gears down the winch when the platform
the high value of coastal real estate end the is vithia 6 inches of the chimney floor.
extent of encroachment by the private camuntty, a Once the platform rests on the cMiney floor,
cost-benefit amalysis is expected to show that the the overhead rail extensions in the storage-box are
Navy can easily justify today's market price of swung out into position across the chimney. This
straddle trailes ad the extra soil fill and/or allows the bridge crane to position its cargo on
excavation associated with chimey-masaines, the p)1 tform. The platform loaded, the overhead

rails are swung back out of the chimney. The
Straddle Trailer: Pallets of nmmunition and con- trailer winch nowv raises the platform up the chim-
taimers of weapons are moved to and from the stor- "y and automatically locks it into position o the
age box, via the chimey, a~d transported over land straddle trailer. During the lift operation, the
in the straddle trailer sbown is Figures 1, S and dog-ear ratchet operates in reverse to prevent
6. The straddle trailer is a rubbor-tire vehicle possible free fall of the platform and its cargo.
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The trailer winch is then operated to close and 0 .401 .0025 . 4 0
lock the chimney do',r. Locked and loaded, the P 5290 90 ~ !
straddle trailer is pulled away by a vehicle to its Po \ 2/3/
final destination ..... (I)

The physical security of ammunition during
transportation is an ever increasing concern. The Note that P at ay R depends on not just V but
straddle trailer can be easily outfitted with a also other pssrsseters related to the design of the
"SAFEPOT" type armored shell to provide required chimney magazine, i.e., A and V.
levels of physical security for special weapons. Con.ider the specific chiimey-magazine design
The armored shell would be optional equipment. shown in Figure 7. Ft.r this particular design,

At a transfer point, the platform of the A 2 360 ft' and V a 97,600 ft
'
. Now, if the safe

straddle trailer is raised or lowered to the deck inhabited building distance, IBD(ft), is defined to
elevation of the other vehicle, e.g., rail boxcar, be the ground range A(ft) where P t 1.20 psi
or platform, e.g., deck of pier, to facilitate maximum for W < 100,000 lb NEW and P = 0.90 psi
transfer of the cargo. maximum for V > 250,000 lb NEW (curreff DOD safety

The straddle trailer and vertical access to criteria for inhabited buildings) then it follows
storage are counter to tradition, i.e., horizontal from Equation I that the scaled safe inhabited
access to magazine and forklift trucks for cargo building distance for the chimney magaszine is:
handling. But vertical passage of ammnition is
not new to the Navy - all ammunition ships pass For W < 100,000 lb NEW,
cargo vertically into magazines located below deck.
Further, the straddle trailer is not new - the I 1D/W

I
/3 a 23.8 ft/b 1/3 (24)

agriculture industry in California has used strad-
dle trailers for years to retrieve produce in the
field and haul it over the highway to processing
plants. Thus, the straddle trailer is a reliable
concept that has already been debugged. Given IBD/W

1/3 
x 29.3 it/lb

1/3  
(2b)

deployment of the concept, the stre.ddle trailer
would become as common and popular as forklift For a standard aboveground magazine, DOD safety
trucks are today at Naval Ordnance Activities. criterion requires:
Transportation of all ammunition within the con-
fines of the Navy base would be by a single type of For W < 100,000 lb NEW,
equipment -. the straddle trailer.

The acquisition cost of the straddle trailer IBD/V
1/3  

40.0 ft/lb 1/3 0a)
is not cheap - but neither is a forklift truck.
The estimated cost of a straddle trailer is For V > 250,000 lb NEW,
$100,000 without an armored shell. The cost of a
forklift truck is about $80,000. ID/V

1 3  
50.0 ft/lb (3)

PERFORMANCE

Major performance goals are achieved withb a
chimney magazine. Physical security and surviva-
bility of storage increase dramatically. Encum
bered land area decreases dramatically. Both
benefits are achieved without degrading the level
of explosives safety and without substantial in-
creases in the construction cost. Achievement of
these goals stems from the application of new NCEL
tecbuology to the design and predicted performance Pipm 7. Desnparsmtensfora tdmaymgmaimead emh

of a chimney magazine. Among the technologies are tMMi ondmo fmimb and d I
criteria for the external blast environment from Comparing Equations (2) and (3), IAD for this
confined explosions, the effects of semi-frangible particular chimney imagaine is 41% less than IBD
covers on the blast environment inside structures for a conventional aboveground magazine, regardless
containing -explosions, the effects of internl of W! More importantly, the encumbered land area
explosion; on the dynamic response of soil-covered is reduced by 651, regardless of Wt, Note that the
structures, and the delay time. of facilities and encumbered land area could be reduced even further
their components to fosced entry. Based on NCEL by reducing the chimney area, A. However, doing so
technology, the following is a gross overview of will increase the blast environment inside the box
the predicted safety perfor.mance of a chimney which, in turn, will increase the depth of the soil
magazine from an internal exrlosion. blanket required for adequate containment of explo-

sion effects. The cost-benefit of further reduc-
g.fety From Blast: Given an explosion of magnitude tions in IBD needs to be studied.
W(lbs NEW) inside a chimney magazine having a vol- It is important to understand that the ver-
ume V(ft

3
) with vertical chimneys having a total tical chimney is a key feature of the chimney

vent area, A(ftt), the peak incident blast over- magazine concept. Vertical venting of explosion
pressure, P (psi), at ground range R(ft) from the effects is necessary to achieve a large reduction
chimney i:5O in the encumbered land area. Horizontal access

tunnels - the alternative - would encumber aore
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land area (and the construction cost would be tbe storage boxn. Nowever, a cost-benefit analysis
higher for horisontal arress tunnels vice vertical is expected to show the soil-blanket thickness
access chimney$). should be suet that the maximum possible strike

range of debris, R mevpr exceeds the safe inhabi-
Safety from Debris: The safe distance from debris ted building distalce for blest.
is derived from the principle of conservation of
energy sad the flight dynamics of a missile. A 9 IN (5
Referring to the soil blanket in Figure?., the
scaled total impulse of gat iq~us shock pres mPes Combining Equations (2b), (4) and (5), pre-
inside the magazine 'a i T W (psi-macc/lb ). Iliinsry design criterion for soil blanket thick-
The soil-blanket thickness over the roof is d (W nes, required for safety against both blast and
The mass density of the soil blanket it *g(IbtfO). debris (it I 15D) is:
The reinforced concrete roof slab has a thicknens a -

t (ft) and a mss density V (lb/Wt). From the 1/3 1/6
plinciple of conservation of energy and flight 0.119S (L T/W) W - yr r
dynamics of a missile, the maximma possible strike d rra (6)
range of debris missiles it: 1

0.3 if / ) 2 W13Solution of Equation (6) has led MCEL to the
M 33 < T 1 imits of euisting explosion effects technology

4, + I d )2(A large uncertmintj7M exist in today's technology for

a 8 r predicting i /W1 for the range of parameters
choracteristil of a chimney magpqrne. Prediction

Equation (/.) is approxinate but conseivative. error in the component of i /W1 resulting from
It neglects energy lost in breaking the missile internal gas pressures is bIlieved to be small.
free from time chiamy magazine and energy disi- but predictiou error in the scaled 'mpulse result-
Patel by tumbling and air drag during missile ing 1f/rf shock pressures, the othe, component of
flight. Furthe:, it atsunes that the debris Il /W , is believed to he largt. The large uncer-
missile is launched from the magazine at the t inty in the shock impulse applied to the roof
critical launch angle producing the maximum slab atems primarily from lack of knowledge about
possible strike range. close-in effects of a large charge density

(11/V =3.1 lb NEW/ft 3) and .a thin pancake-shaped
Safety From Ground Shock: The soil blanket in a charge (representiug 33)0,000 pounds NEW of bombs on
chimney magazioe is thicker than in an aboveground pallets stacked two-high and uniformly spa~ed over
magatine. The Added soil mass increases the con- the entire floor are!a). Further, large uncertain-
finement of an ioternal explosion. This increased tier exist on the siLent and effects of the crater
confinement increases the ground shock at any on the maximum debris range. Data from field tests
distance to a level above that from the same *k- planned for FY11. should reduce these uncertainties.
plosion in an eboveground maxaine. However. For the interim, NCEL Ivelieves it hae bracketed the

inhabited uidn 1 distance LrTa chimney maga- value for a chimey majazine where W = 100.000 Ilbs
time, IND 23.1W t. 29.WM/, exceeds minimum NEW, V 150, t 51. 25 and y a=120. based on

saedistance requirements of NAVSZA OP-5 by a computer analysis, extrapolation of teat data and
factor of about two. Thus, ground shock is not engineering judgment,
expected to present .macceptable risk of damage to
inhabited buildings. 10 < 41 20 ft (7)

The ground shock applied tw1 n adjacent chim-
ney magazine spared at 1.5W will also be COST-ENEFIT
greater. NAVSEA 0r~ requires a minimum separation
distance of 1.5W between underground storage The coat-benefit of a depot of chimney maga-
m es to, Prevent ex1 .ie ronnication and zines depends upon the increase in construction

3.W insndstone OSW in granite) to prevent costs relative to the value of all benefits de-
damage to stored amunition. hat the difference rived. One added cost io the extra soil fill
between the shock propagation characteristics in and/or excavation required for a chimney magazine.
sandstoue an soil shoLld more then compensa te In One benefit Is -,he value of lad freed from large
reductio?3i n the separation distance from 3.5W safety arcs. A aross eatimate of this cost-benefit
to 1.5W for chimney magazines. Thus, ground and description oth2r benefits follows.
shock is not expected to cause sympathetic detona-
tion between chimaev; magazines or damage to s~orage KMW Cost.: The structural cost ($/ftl) for a
in an adjacent magazine. Should this predictior be chimney maganine is estimated to be about the Sam
incorrect, the "whiskey bottle" concept can easily as for a conventional, box-asped, reinforced
be deployed to diasipate Ircund shock energy to concrete, missile storage magazine (aboveground
safe levels. magazine). The quant.ity of reinforced concrete in

the chimey magazine is about 391 greater than in
Safety Criteria: Operational requirements are an aboveground magazine having the same floor area.
expected to dictate the value of A, V and W1 for the This increase @ta primarily from the two chin-
chimney magazine. In this case, the value of land, my@, the greater ceiling height, and a thicker
cost of soil fill, cost of excavation and the roof slab (because of the higher dead load from the
elevation of the water table will dictate the most deeper soil cover - even though the blast loads
cost-effective thickness of the soil blanket over from an adjacent magazine will be less).
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but other toot components will be less. The "cost of freed land." For exauple, a depot of
structural sand mechanical costa of the doors in the 9 chimeny miaglines vith 10 feet of soil cover
chimney magazine should be less because the total (vice 9 aboveground maigazinew) frees Navy land for
area of openings is less (two doors at 28 a other uses at an effective cost of bettve, 310 and
6.5 feet vice two doors at 23 a 12 feet in an 1,350 $/acre, depending on the depth of excavation
aboveground magazin,), the clear span of the door allowed by the water table. In other terms, the
is less, and the applied blast load from explosions ICO cost of the aine-magazine depot would increise
in adjacent magazineu, is less. Further, the chim- by 5 to 20% based on an nCON cost of 150$/ftl for
.ey aatine requirext so blast hardened headwall an aboveground depot, Actually, the effective cost
and doors to protect contents from explosions in is much less than this because all the benefits are
adjacent magazines, no reinforced concrete pilas- not included - and many of these are significant.
ters to support the do*r from being blown-in, no In any case, Figure 7 shows that the chtiney maga-
headwall extensions to support the soil berm, no aine offers a very cost-effective tcheme to
elevated platform forward of the headvall fo, *"purchase" land.
transferring cargo and no complicated electrical
trolley system to open doors. The designer need Total Benefit: Other benefits of a chisney mge-
only be instructed to provide a water-tight, tine, in addition to a major reduction in encum-
reinforced-concrete box with two chimeys that bered land area, are the following: Hajor increase
safely supports a prescribed depth of soil in level of physical security, increasr. in sm.rviv-
cover. Knowledge of blast resistant design is ability, reductijn in plutonium (for sp.:clal we@-
not required. pens) that could escape to atmosphere, increase in

One measure of the cost-benefit is the dif- environmental control, greater concealment, less
ference between the NCON costs of a chimney maga- logistics burden (the haul distance is reduced 4l
zine and an aboveground magazine, divided by the and one piece of equipment does all the work),
total acres of land unencumbered by use of the standardization of design, a solution for depots in
chimney magaine. This ratio (S/acre) is the price Europe (where 69% of the floor area of existing
the Navy is paying to unencumber land by using majzines cannot be utilized because explosives
chimney-agazines. This cost-benefit ratio is safety ares would encumber inhabited buildings),
shown in Figure 8 as a function of depot size, and a scheme to increase the buildable land area at
depth of excavation, and thickness of soil blanket Navy bases by using unbuildable land as the source
(10 and 20 feet). The curves assume a depot with a of fill for the depot. Regarding physical secur-
square array of magazines. ity, a chimney-*&agazine depot designed to store

300,000 pounds NXW per magazine offers secure
storage for special weapons. Given an inadvertent

,.
'  

explosion, the chimney magazine offers almost com-
|a',/ plete containment because of the low NEW associated

with special weapons. Given a miis of conventional
e ~ ." / and special weapons stored in a chimney-mlazine

I ', .f.• ' . depot, the "shell sme" applies - no one knows
ism'. wh . /., .7..-- which magazines (and which Navy Activity) have the

- ..... • ./ - .special weapons. Further, the labor cost for
I ..... , .. special security forces is much lower.

The chimney magazine is only a concept, but
work is underway to refine its cost-benefit and

Fgllul~ CambztneVA fchL neymaduwsncseiwtoab~veaundbos verify its predicted performance, given an explo-
Sion equivalent to 300,000 lb NEW in smill-scale

Figure 8 aes,~es the abovegrund agnes are structures. In view of the anticipated resistance
,paced at 1.25W side-to-side and 6.0W front- to any changes from the traditional concept for
to-back, and are covered with 2 feet of soil cover. amo storage, the authors welcome any opinions
incumbered land includes the depot ayj and all regarding the utility of the chimney-magazine
land within the confluence of 50 ft/lb-M measured concept for tomorrows' ammo depots.
from the skin of any magazine.

The chimney magazines are spaced at I.hW1/ 3 B15LIOGRAP
side-to-side and front-to-back. The depth of soil
cover over the chimney magiaines for the left I. Naval Sea Systems Cmmand. NAVSIA OP-S:
and right set of curves (Fligure 8) is 10 and Aunition and explosives ashore, volume 1, 4th
20 feet, respectively, revision. Washington, D.C.

Unit costs are based on a survey of cost data
for Southern California. Both depots are based 2. Civil Enineering Laboratory. Technical ge-
on the structure costing 150 S/ft floor area, port R-826: Blast environment from fully and
fill 4 $/yd' and excavation 3 $/ydl. Aboveground partially vented explosions in cubicles, by
mangaines are asuead to require no excavation W. A. Keenan and J. 1. Tancreto. Port Hueneme,
and ao fill under their elevated floor and Calif., Nov 1975.
loading platform.

The curves illustrate major savings would be 3. . Technical Report R-878: Design
realized at most Navy installations, based on the criteria for soil cover over box-sbped amnnition
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magauines, by V. A. Keenan (NCEL) &ad L. C. Nichols
(WUSA Coacord). Port Huemeac, Calif., may 1940.

4. Novel Civil Klgineering Laboratory. Technical
Noewrandum N-1-512-0: Design criteria for fron
gible covers in ordnance facilities, by
V. A. Keenan and J. 1. Tsficreto. Port Nueseme,
Calif.. Oct 1932.
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c,~SVEDTt', DESI(N MANUA. FOR PROTECTIVE STRUCTURES

pBengt F Vretblad & G~ran 8 Svedbj~rk

0Royal Swedish Fortiftcations Administration, Eskilatuna, S-63l 69 Sweden

ABSTRACT The requirements for the different classes of

.'The design of Swedish military hardened roncrete 
structures are put together in Table 1.

structures is based on different manuels among CLASS OF PEILMANENT RISK OF RISK OF

those ISFA pub! Bk 25. This publication givesdesign STRUCTURE DEFLECTION SPALLING PENETRATION

values for three different classes of structures (FRON (FROM FRAGNF.MTS'

A-C where g £ different degrees of deformations FLACHERTS)

are accepted. The paper describe: the design prnce- -2

dures, accord-rng to the manual, with respect to A NO 0.1 a NINOR

fragment penetration. B 3 %T OF 0.1 MINOR

SPAN

BACKGRO
IN
D C YES 0 3 2 SMALL

During the early seventies the Swedish manual Table I

for the design of concrete structures exposed to

non-nuclear weapons effects was revised by the

Royal Swedish Fortifications Administration (RSFA). PENETRATION

The revision which was outlined by Dr Nikan Sund-

quistat that time by the RSFA, resulted in RSFA The manual is based on the fragmentation concept

Publ nr 25 in 1973. Thii manual has been updated given by Mott & Linfott in /2/. According to this

in 1977, /I/. reference the number of" fragments with a mass

greater than a. is given by
CLAkSSES OF STRUCTURE S ,

N (MO )-e"- -

An elastic design of structures exposed to weapons N( g
2

effects will often result in conservative and ur-

economical solutons. ihile some structures have where smc fe the mass of the case and K a constant

to be intact after being subjected to blast and depending on the geometry and the fragmentation of

fragments other might sustain different degrees of the l'/ab.

damages withour their prima-v function of protec-

tion being viihated, This gives the fragment density, on a wall %t

a distance R from the bomb

For this reason hardened structues are organised in (MO. C - N (no )

classes A. B and r accoriiny to /1/. RN

C a distributing factor to be I with a uniform
Class C is for structures to give survival to distribution of fragments in all directions. In

people in it accepting damges to the structure /I/ C is takin equal !o 2 giving credit-to the

itself and to installations in it. Spallin from - increased density of fragments perpendicular to

fragments is accepted on every 3rd square meter of the axis of the pro.ectiie for a vertical wall

exposed walls and a small risk of penetration it and a vertical projectile,

accepted.

The maximum fragment mass fo" a certair fragment
Cla. B structures may have permanent dellecttons density can then be calculated with oombweight

not greater than 3. of the span. Spelling may occur and bomb geometry given for d' ierenr distances.

on every 10th square me;er and the risk of penetra- This is illustrated in Tabls 2 for a 500 kg CP

tion is reduced compared to Class C structures, bomb.

Clso A structures are to fulfill requirements for

Class B structures and are also to be secure for

gasoverpressure after exposure to blast and frag-

ments. This oft n leads to an elastic design.
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FROMENT DISTANCE (m)

DFNS I TY
( "2) 5 10 15 20

0.01 0.39 0.% 0.52 0.44

0.1 0.51 0.13 0.24 0.19

0.1 0. f. 0.22 0.15 0.11

Table 2. ?laxisum frAlment masp (kg) at different
ditzancesfrom a 00 kg GP bomb and for different

fragment densit lea.

The vail thickness, d, has been calculated accord-

ing to d - 2,7.10•

where v Is the velocity of a fragment at the vail.
Table ) gives d for Claas 5 structueq ( 0.1) for

different bombs.

10"1 DISTANCE
Sm 10 IS 20

1000 kit 0.50 0.. 5 0.40

500 kg 0.45 0.40 0.15 0,30

250 kg 0.40 0.12 0.30 0.25

100 kg 0,30 0.25 0.20 0.20

Table 3. Wall thickness (ol for Class 3 structures
with GP bombs at different distances.

by this method the minimum thickness of a struc-

tural element can be determined. Additional re-

quirements e g from bending and shear actions of
course might make greater th

4
ekness necessarv.

C£ONCLUI NS

The concept adopted in ISFA publ 3k 25 for classi-
ficatio, of structures hap proved to be very use-
ful. The method for calculating minimum thickness
of concrete elements with respect to fragments
id penetration has shown to be a versatile in-

strument for design enginO.--*s.

/1/ PUlL ft 2S Ik/1973/1977 Anvianingar fr dimen-

sionerini ov armerado betongkonstruktioner son
okydd not verkan ev konwentionella vapen ino.
narmisscmrhdle (IManuel for the detin of re-

inforced concrete structures agalint non-nuclear
waspeas *ffcts in the close range). Fortifika-
tionsf&rvaltningen. Stockholm 1979. (In Swedish)

12/ eatt, N F & Liafast, I N. A Theory of
Fragmentatiom. NOS-AC33&d, 19142.
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DESIGN OF UNDERGROUr 'ELTERS
INCLUDING SOIL-STUCTURE INTER.'CTION EFFECTS

0Felix S. Wong and Paul Weidlinger

0Hei dli nger Associates
Menlo Park, California and New York. New York

ABSTRACT the slab is equal to the Incident plus the reflec-

ted soil-stress waves, or twice the free-field
Soil-structure interaction significantly af- stress. This is the assumption used in most preva-

fects the loads acting on buried shelters subjected lent shelter designs. In reality, the slab moves
to nearby explosions. Recent research has improved as a result of the s6il loading, and this leads to
our understanding of this comlex phenomenon and significant reduction in the loading, as Fig. 1

led to a new design method for buried shelters. indicates.
This method recognizes the coupling between dynamic
response of a buried structure and the loading ex- INTERACTION ALGORITHM
erted on it by the neighboring soil. It is simple
to use, inexpensive and sufficiently accurate for While the beneficial effect of soil-structure
most underground shelter designs. interaction is well-known, it hs not been integra-

de n- ted in the structural design process because of the

DYNAMIC SOIL-STRUCTURE INTERACTION complex natu-s of the interaction phenomenon, and
the lack of an efficient design procedure which in-

Dynamic soil-structure interaction involves cludes this effect. Recent restarch at eidi inger
very complex wave mechanics. Tne process is a Associates with the aid of ana'ytical and numerical
coupled phenomenon. I.e., the motion and deform- methods Indicates that, fir irpulsive loading of
tion of the structure depends on the loading acting shallow-buried shelters, the interaction is govern-

on it, and the loading, in turn, is affected by the ed mainly by the velocity of the structure relative
structural motion and deformation. This is Illus- to the velocity of the free-field soil particles.
trated in Fig. 1. A buried slab is impinged by a The loading is considered iml,ulsive when the effec-
one-dimensional stress wave propagatir.g In soil. tive duration of the free-field ground shock pulse
Since the soil is assumed elastic, the free-field is comparable to the fundamental period of the

stress wave propagates unattenuated until it en- major deformation mode of the structural element of
counters the slab (dashed line in the figure), If interest. A shelter Is shallow-bjried when the
the slab is assumed fix d. the pressure loading on depth-of-burial ii of the order of the span of the

structural element of interest. Under these
conditions, the generalized plane-wave interacticn
algorithm/ mtcf + (vff - ) (I)

(Wint denotes the interaction loading, off the
free-field stress, x the velocity of structure, vff
the free-field particle velocity and pc the soil

4 timpedance) provides a good approximation to the
, * , ,) actual interaction loading. This algorithm leads

I - - to a new design method for underground buried shel-
-- ters which is simple to implement and provides a

I- better and more consistent estimate of the effect
"-1 too. 14,t , _#%IOf d-yn c snil-structure interaction at little

rs additional expense.

ot#,/ , , , DERIVATION OF DESIGN PROCEDURE

coe'to .Consider the desigr, of the roof slab of a
o buried rectangular shelter against a top threat

o2 ",' 04 i A (Fig. 2). Suppose the design is pursund using the
time (Min beam equation

of trstrtses) )x -*x

Fig. 1. Beneficial effect of dynamic soil- t- " E i- dint

structure interaction in reducing where i. is the mass density per unit length, El the
loading on buried structures, one- bending rigidity, x the lateral deflection of the
dimensionatl illustration. beam, and oint is the interaction loading exerted
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by the soIlI on the roof. Substituting Eq. (1) fo r
'lint gives

Note Eq. (3) is a bea euation simia to Eq. ()

wiha load ing function which depends only on the
free-field enviromnt. Hence, the design proce-
dure can be divided Into two uncoupled Parts: def-L
inition of the free-field enviromeent. and the
design of the beam subjected to at equivalent (free-
field) loading. The effect of Jynamic soil-I
structure interaction is included explicitly In the i.... **

beam mdel In the form of viscous daiming. -- No,".*.*

Top Threat-----------------------------

thrat B st Slab .9

F le. 3. New des ,-;n proredure with
simplifiled soil-structure

0 f interaction (SSI) algoithmA.

VER IF ICAT ION
Operaion CnterThe accuracy of the nlew design procedure

depends on the validity of Eq. (1). Based on ex-

Fracturedtensive comparisons of the design results with
.n detailed finite element soil-structure analysis

Limetoneresults. the oew design method Is found to yield

fig. 2. Buried shelter subjected to top and md approximations under the conditions specified
side iMunition attacks. vor. Eq. (1). i.e.. impulsive loadings and shallow-

buried shelters. Fig. 4 is representative of the
results obtained. The interactitot loadings on the

It is easy to generalize the above derivation. midspan of the roof of a bin-led shelter are ob-
The equation of Mtier of a shelter can be repre- tamned using the direct coupled finite element
wented ai method and the new df 1, method with a beam model

to represent the rorf. They are compared in the
Lfxl - in (4) figure. The corzwarlan is excellent despite the

mt fact that the free-field loading Is non-planar.
wihere x is the structure displacement and U(*) the This Is beceuse the intensity of the soil stress
differential operator. The use of the simplified decays rapidly with distance from the source and
soil-structure Interaction algorithm In the eQua- at midspan where the loading Is most severe, the
tion of mtion gives interaction is approxiLAtely planar. This is often

Lix)- of + o (vthe case for conventional weapons.

or 

f

Lix) * ,off * pCvff() -

Again, the forcing function is a function of the -- --- $blow
free-field enviiunment only. The structural sys- 41 nt %

temn on the lefthand side of the equation is the. , hd

original system 1 10) withi the added damping term
Pcx to represent the interaction effects. . _J . **- 40 .f,

A new design procedure Is developed based on In to - I MC
Eq. (5). This is illustrated In Fig. 3. The
structural model (numerical or otherwise) is modi-
fied to Include the interaction damping. The ,
equivalent free-field loading is then applied to
the bare structure. Other than these changes, the Fig. 4. Comparison of interface stress at midspan
design procedure is identical to the prevalent of an 18 m roof, direct finite element
procedure for unburied sheters. calculation versus design method.
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The same desigr, procedure has been useJ for
inelastic soil-strucare systems; the impedance
oefficient, pc, Is represented as a function of
the soil stress at the interface in accordance with
the inelastic stress/strain relationship of the
soil. Tensile interaction loading should also be
limited to reflect the limited tensile strength of
the soil-st.ucture interface. The algorithm as
outlined has been incorporated in computer programs
crmmnly used in structural design, e.g., SAP and
STRUOL.

CONCLUSION

Soil-structure interaction effects are prop-
,.-ly accounted for only by considering wave propa-
gation in the model. The cost and complexity of
an explicit wave analysis often deter a designer
from incouding the beneficial effect of soil-
structure interaction on the design. A new. design
procedure based on an approximate interaction al-
gorithm has been developed, which greatly simplifies
the supporting anilysis. It allows the 6eigner to
ootain an excellent estimate ^f the peak inter-
action loads on the structure with little addition-
al cost or labor compared to a conventional proce-
dure. It is also compatible with any reasonable
structural model the designer chooses ta evaluate
candidate designs.
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GAS PRESSURE LOADS RON EXPLOSIONS WITHIN VENTED AND0UNVENTED STRUCTURES

0W. E. Baker
J. C Hoknnson
E. D. Esparza
N. R. Sandoval

CSouthwest Research Institute
Sen Antonio. Texas

/ ABSTRACT structures with open vents, 2) high explosive plus
combustible explosions in closed structures, and

Gas pressures from explosions within enclosures, 3) gas and dust explosions in closed and vented
as opposed to shock loads, can be the dominant loads structures. The predictions viil be based on graphs
causing structural failure. This paper reviews and/or numeric fits to scaled parameters from appro-
test results and prediction methods for gas pres- priate similitude analyses.
uures for many types of internal explosions includ-
ing high explosives, high explosives plus combusti- GAS PRESSURES FOR INTERN(AL iH.I EXPLOSIONS
bles, gas mixtures and dust suspensions,

The loading from an explosive charge detonated

within a structure consists of two phases. The
INTRODUCTION AND BACKGROUND initial phase consists of several high amplitude,

short duration, reflected pressure shocks. This
For explosions in enclosures involving high phase of the loading is very geometry dependent,

explosives, solid propellants. high explosive with with the highest loads generally occurring on the
combustible materials in contact, or combustible surfaces nearest the charge. On each reflection.
mist, dust, or gaseous explosive mixtures, the long- the shock strength is attenuated until at som point
duration gas pressures caused by confinement of the the internal pressure has settled to a slowly decay-
products of the explosions can be the dominant loads Ing level. This is the quasi-static pressure load-
causing structural failure. These quasi-static ing phase. This phase is characterized by easen-
pressures are determined by the total heat energy tially uniform pressures throughout the structure
in the explosive and/or combustible source, the at any point in time. The rate of quasi-static
volume of the enclosure, the vent area and vent pressure decay is a function of the vent area,
panel configuration, the mes per unit area of vent structure volume and the nature of the explosive
covers, and the Initial amhient eonditions withir sourco.
the enclosure.

A typical pressure trace obtained during an
Previous analytic work, similitude analysis, Internal explosion in a vented structure is shown

and numerous exparimuts have addressed several as- in Figure 1. Traditionally (Ref. 9), the peak
pacts of this problem and provided a good data base quasi-static pressure is established by fitting a
for more general predictions. Ref. I collates such smooth line through the data beginning at the end
of this Information for gas pressure parameters for of the pressure trace ard extending back towarde
bare high explosive detonations in enclosures with time zero, the time of charge ignition. This line
open vents, while Ref. 2 includes analytic predic- is shown in Figure 1 an a solid line. The peak P
tlons of these parameters for similar explosions is then tAken as th intersection of the fitted le
with covered vents with various masses per unit and a vertirel line a,. time zero (shown as a dotted
area. Naximum pressures for gas and dust combusti- line In the figure). Thi point is labeled .% in
ble mlxture. initiated In unvented and vented Figure 1. For a vented structu.e, a sore appropriate
enclosures are roported in Ref. 3 and 4. Most re- technique has been suggested (Ref. 1, 5). This
ront'y; rtt d.1st for gee rre-ires in d. tcalcd meo"d s applied by drawing a rasp i.crease in
structure from high explosives surrounded by com- pressure extending from time zero, whicn follows
bustible liquids and solids are reported in Ref. 5. the base of the pressure shocks. This line is

shown as a dashed line in Figure 1. Ilhe intersec-
Tests of solid propellants burned in vented tion of the rasp pressure increase withthe line

structures are reported in 3sf. 6 and 7. Ref. 6 fitted through the pressure decay is the peak
also includes derivation of a scale modeling law quasi-static pressure. This point is labeled B in
for pr.ssures for this situation. Scale modeling the figure. For explosions inside sealed enclosures,
of d-set and !am explosions in enclosures is inherent points A and I will have nearly the eame ordinates,
in work in L-f. 3, while a more thorough law for whereas for explosions with increasing vent areas,
vented dust explosions appears in Ref. B. the difference in ordinates between points A and B

increases.
In this paper, the authors will review the

literature and present methods for predicting inter- in Ref. 1, a very complete analysis of gas
nal gas pressure loads under the following condi- pressures from internal explosiun data was present-
tions: 1) bare high e'plesive detonations in ad. The authors performed a similitude analysis to
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TIME ( Figure 2. Peak Quasi-Static Pressure as a

Figure 1. Typical Pressure Record from an Function of the Charge Weight to Enclosure Volume

Internal Explosion in a Vented Structure Table 1. Combustible Mterials and

determine the functional form of the quasi-static Configurations Tested*

pressure, as a function of the physical parameters

pertaining to the problem of an internal explosion Series Material Configuration

inside a vented structure. Based on this analysis, 1 Polycarbonate A 67.6 gm polycarbonate
the following eqvation was derived: disk was attached to the

end of a cylindrical
Peak Quasi-Static Pressure: (t/d-l) charge.

log PS - 0.10759 + 0.51815 log (W/V) - 2 Polycarbonate A 135 gm aluminum casing
and Aluminum surrounding the aid of a

0.150534 (log (W/V)]
2 
+ 0.31892 [log (W/V)]

3 
+ cylindrical charge. A

4 () polycarbonate disk covered

0.10434 [log ( -/V) - 0.14138 (log (W/V)
5 

+ one end of the charge.

-0.019206 [log (l/V)]
6 

+ 0.021486 [log (V/V)]
7  

3 50/50 Mix of DMF A spherical charge was sub-
and Acetone merged in 5 oz of the fluid.

Equation (1) was the result of curve fits to 4 Polycarbonate Two polycarbonste heml-

177 experiments. Figure 2 presents the curve fit spheres were attached to

together with the measured data. One approximation opposite poles of the

%as made in the analysis of the test data. The charge. The total poly-

explosive energy contained in avy high explosive is carbonate weight was 48.25

directly proportional to the explcsive mass. As it gm.

turns out, the charge energy-to-explosive mass ratio 5 50/50 Mix of DMG Five 1 or coatainers of

fcr most explosives is nearly the same. For con- and Acetone the fluid were equally

venience, the analysis performed in Ref. 1 utilized spaced on a circle 36 in.
the charge mass, rather than the charge energy, in diameter around the

rharge.

Based on the resulta of the 
analysis of the

internal explosion data, the authors of Ref. 1 6 Low density Polyethylene beads suspend-

found that the peak quasi-static pressure was inde- polyethylene ed in an epoxy base, and

pendent of the vent area, but dependent on the formed into a four-sided

charge weight-to-structure volume ratio, box, centered on the charge

The wel"it of the box was

GAS PRESSURES FOR HE PLUS COMBUSTIBLES 273 gm.

Recently (Ref. 5), a series of experiments was *The explosive uas 0.992 lb of PBX-9404. Test

conducted in wbich various combustible materials Series 1 and 2 utilized cylindrical charges, while

were placed In varying degrees of contact with high the remaining tests utilizeu spherical charges.

explosive charges, The object of the tests was to The charge location was the same in all experi-

determine whether the combustible materials could Ients.

contribute to the quasi-static pressure development
within a se.aled enclosure. The combustible materi- configuration. Note that the Pq, for a bare 0.992

als investigated in this effort are Listed in lb PBX-9404 charge is 48.7 psi. In every case, the

Table 1. In every case, the high explosive was addition of combustible materials in near contact

0.992 lb of PBX-9404. All of these experiments with the HE charge increased the quasi-static pres-

were conducted in the same enclosure, so the only sure, In some cases dramatically.

parameter not held constant was the combustible
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The degree of quasi-static pressure enhancement but. when the combustible mixtures are ignited
produced by a combustible is related to tte heat inside a sealed or vented enclosure, the confinement
energy content of the material. This is uhovn in provided by the enclosure can allow significant
Figure 3 where the excess Pq5 (the Pq prmduced by pressure rises which can disrupt tht structure. A
the combustible plus the HE, less the Pqs produced typical pressure history for such an explosion
by the HE alone.) is plotted as a function of the within an unvented enclosure In shown in Figure 4.
combustible energy content. The combustible energy
content is defined as the mass of combustible times The maximum rate of pressure rise i-, and the
the appropriate heat of combustion from Table 2. dt

As sen n Fgur 3, he nhacemnt i th qusi- maximum pressure P. are determined by the reactivityAs seen in Figure 3 the enhancement in the quasi.- of the particular material, the fuel-air ratio, the
static ,"seure increases uniformly cith increasin amount of material. and the volume of the enclosure.
combustibiz- energy, as long as the combustible is When the enclosure has a vent area, covered by a
in intimate contact with the charge. The only point vent designed to open at pressure Pu. the pressure-
not following the general trend of the data corres-

ponds to the series of tests in which the combusti- time history is modified as shown in Figure 5. The

ble fluid was dispersed a large distance from the amplitudes and times of the maxima Pl and P2 are

charge. functions of the gas flow d,,nasics through the vent,
and either P1 or P2 may be the maximum pressure.

The phenomenon of quasi-static pressure en- Table 2. Heat of Combustion for the Various
hancement produced when combustible materials are
placed near HE sources hat only been recently dis-
covered. The effect has been observed for a vare- Material Heat of Combustion (cal/10)
ty of combustible materials, but no variations in
charge to combustible mass, charge type, structure FIX-9404 2369
volume, or degree of venting have been tested. The Polycarbonste 7223
implications of the data accumulated an far are Acetone 7363
that quasi-static loading calculations should In- Aeo 63
clude estimates of contributions from the burning Polyethylene 9400
of combustible mterialm whenever such materials A u
are expected to be in intimate contact with HE

sources. p(t)

2.00

a 1.75

1.50a Charge
a Seri-s I
s h Series 2 t td

u 1.25rie 363 a Series 4

r PX9404 Cylinder Figure 4. Schemtic Overpressure-Tim History in

a * Cased PBX9404 Confined Cas or Dust Explosions (Ref. 10)

.750
0.00 1.00 2.00 3.00 4.00 5.00

COIUSTTILE ENERGY (MCAL)
b3 7v -" "1

Figure 3. Excess usti-Static Pressure (psi) " %

GAS AND DUST EULOSIOJS IN CWOSEE AND %
VENTED CHAMlRS P 0 

'

Many ac.dental explosions occurring ir, indus- TIME

try involve the ignition within enclosures of com- Figure 5. A Representation of a Pressure-Time
bustible mixtures of gases with air, or suspensions History of an Unwented (Curve A) and Vented
of combustible dusts in air. Such mixtures ignited (Curve 5) Deflagrative Explosion (Ref. 13)
in the open do not cause blast %nves or significant
pressure waves, but instead geierate only transient The voluminous data and analyses in the iter-
fireballs as flame fronta progr. ab at rather low
rte, (meters per second) through the combustible ature (see Ref. 10) on the characteristics of these
rates" e ppressure histories can be condensed and presented

xures. in compact form based on .tmllitude analyses
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(Ref. 6 and 7). Bradley and Micheson (Ref. 11 and 12) 10
present scaled upper limit curves for gas txplosiotls
in vented vessels. These are reproduced h~ere as

Figures 6 and 7. In these figures, the dimension-

less terms are

AKd U (2

As 0 0 I' 01

where A is vent area, A. interna~l surface area, Ia
lKd discharge coefficient (-'0.6), U is gas velocity

ahead of a flame front, a. is ambient sound speed,

Pm is maximum pressure and p0 is ambient pressure.

0.1
101 111lo

0.1 1.0 10 100

ifg0

Figure 7. Safe Recomendations for Covered
Vent Areas, Gaseous Explosions (Ref. 12)

0.1

2.0

0.01 11 1111fl 1.6- 0. 21' <_ 2. 0
.01 0.3 1-10 1.4 -2/3<

a T2
Figure 6. Safe Recomendations for Uncovered 0 ST

Vent Areas. Gaseous Explosions (Ref. 12) 0 .0o

For dust explosiou,, maximum pressures are F
also a function of the dust reactivity, and a
scaled vent area. Figure 8 shows scaled plots of
P*i for dusts of increasing reactivily, S71 through 0.6-
ST3. Here A is defined souevhs differently, as

0.4-

A (Ao - (AN (3) 0.2 -

where V-is volume of the enclosure. 0 0. 0.2 0.3 0.4 0-.5 0.6 0.7 0.8

In either gas or dust explosions of this (AV2/3
nat-ire, the dimensionless maximum pressure rate forA (AV
a given combustible mixture is Figure 8. Scal1ed Haximam Pressures for Dust

1/3 Explaitons Versus Scaled Vent Ares
P - (P V 1aop0) .(4)Rai (ef 10

It is also 71ea- from Ref. 11 and 12 that the maxi-

This scaling is consistent with Bartknecht's "cube- mum pressures a-:tzinsble within enclosures for

root law." (Ref. 3) gaseous explosions are remarkably constant for all
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com~bustible gases, varying from about 8 atmospheres 7. J1. L. Evans and W. 0. Seals, "Explosive Haz-
fot natural gas to only 10.25 atmospheres for ards Tegts for Establishing H.-2ards Classifi-
acetylene, cations tot Ml Propellant for Automated Single-

Base Finishing 9.nerations - Part II," Contr.ic-
CLOSURE tor Report ARLCD.-CR-8O0l1, U.S. ARRADCOM,

Dover, N.J. June 1980.
Even though the material on gas pteseures for

explosions within enclosures whtich is sumarized S. W. E. Baker, J1. C. ilokanson ind J. 3. Ec ''esz,
in this paper shows an exten,:ive experimental and "A Model knalys.9 for Vented Dust Explostons,"
analysis base, thcre are still a number of sig- Proc. of the 3r Int. Symposium-on Losl i'reven-
nificant data gaps which limit our ability to tion and Safety Promotion In the Proceins
predict these pressures. These include at least: Industries, Basel, Switzerland. Sept 1980.

o Lack of data on pressures generated by 9. C. N. Kinge'ry, R. N. Schumacher. and W. 0.
HE-combustible combinations Ewing, Jr, "Internal Pressures from Explo-

sions in Suppressive Structures," BRL Interim
o Lack of data and validated anslyti.e Report Memorandum No. 40~3, Aberdeen Proving

methods for effects of vent cover Ground, MDl, 1975.
parameters for HE explosions

10. I. E. Baker, P. A. Cox, P. S. Westine, J1. J.
o Lack of data for mixtures of combustible .ulesz, and R. Strehlow, Explosion Hazards

gases and dusts cnd Evaluation, Elsevier Scientific Publish-
ing Co., Amsterdam, 1983.

o Lack of data for dust explosions in real
configurations, such as gZ&JLelevator 11. D. Bradley and A. Mitcheson, "The Venting of
gallenes. Gaseous Explosions in Spherical Vessels: I-

Theory." Combustion and Flame, 32, pp 221-236,
o Lack of data for effects of vent cover 1978.

paramcters for gas and dust explosions.
12. D. Bradley and A. Mitcheson, "The Venting of

Not all of these gape are Important to weapons Caseous Explosions in Spherical Vessels: 11 -
effects analysts, but all are quite Important in Theory and Experiment." Combustion and Flame.
the explosives safety commnity. 12, pp 237-255. 1978.
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STRUCTURAL RESPONSE OF RC-MEMBERS IN CASE OF IMPULSIVE LOADING

Failure Analysis in Bending and Shear

Cornelis van der Veen

CJohan Blaauwendrad

CDelft University of Technology, DeIft, Holland

RiJkswaterstaat, Structural Research, Utrecht, Holland

time domain. Authors feel that the present-day
finite element programs have proven to be power-

ABSTRACT ful in the field of nonlinear static analysis of

elastic structures, and even for the nonlineardynamic analysis of metal structures. ExperienceZoaoin m anaLyzed with aid of a wepcat model, and expertise for the nonlinear dynamic analysis
Which 'a kept as sirple as poesibLe, an whieo of rc-structures is still poor however. A nuser
sNfient poi.efu£ to sioudate reaL b response. Of problems arise simultaneously in that case, for
Therefor the bti is sand ela tied as8 sytem of instance the correct choise of failure criteria, a

satisfactory formulation of the softening problem
aocount for hysteresis. The equations whiOh hold after cracking, and particularly the problem of
for t:i's d -sroc toeL ayse premted, They ar, numerically stable processes for the integration

o ,,,so h. ' systewire, dwi. Z in time of the equations of motion in case of
Ic t application of an iM*ulsive 1odi such specific nonlinear phenomena. Therefore the
In ,aSe of rte d ba a very t oa n nowaday finite element programs may give rise to
to a trly i' plorced behn a ew myP 'r- pattern problems which are connected with the mathemati-
t LZ ino' p stii jo c , f e cal algorfthms, rather than relevant for the
to wha is known f^r',n static loads.
n1 %zae of the applicatfon oil an . lo J~ to structural problem which is being studied.

a bern with cil ed ends, to similarity with Authors expect much futural improvement in this
sta ,*c esults is mruch greater. In the ez ~e. field, but for the time being a well-proveno" the flt rtof of" a trarfic r tunnel hoe r, t'e approach is preferred which yields ivimediately
s;hear falure fateraon i eztreh,e domina.r, insight in the structural respons, whithout

£,i'Ldina tronjhq L, duced aL~ozb'c peak ea ucs being troubled to much with nu.*rical problems.

o;' t: e The adopted simple beam model is used to gain

PROBLEM STATEMENT improved understanding of elasto-plastic flexural
structural rtfponse in the case of a beam subjec-

Increasingly more we need to examine the strennth ted to impulsive distributed loading. Two special
of rc-structures in case of dynamic loading. The cases are discussed in some detail. The first one
load can be a local impact or more general soie is the response of a simply supported beam. and
kind of distributed impulsive loading. This paper the second one is the behaviour of a clamped beam.
reports on a study which has been originated by The simply supported beam is of interest to explain
questions whether or not to transport explosive experimental results. In experiments it has been
liquified gasses through traffic tunnels of rec- found that beams which have been subjected to
tangular cross-section. Especially the roof slab distributed load of short duration may not get
of the tunnel is studied, and for this purpose plastic hinges or fail in the mid of the span, but
a strip of 1 m width has been examined. So the at positions more close to the supports.
study regards a beam type structure, and in fact The clamped beam more or less reflects the situa-
the results have been more general purpose than tion of a strip which can be taken from a roof slab
strictly spoken was needed for traffic tunnels, in a traffic tunnel. Now questions arise which re-

inforcement is optimal, and which capacity a beam
The understanding of the structural behaviour of has for severe combinations of dynamic moments and
rc-structures is increasing rapidly. Research shear forces.
of last ten years has yielded a fastly growing
number of tools to analy;e total structures or DESCRIPTION OF THE BEAN MODEL
members. At least as far as static loading is
concerned which increases onotonically. Progress To achieve the simple beam model which has been
is also being made for repeated static loading and aimed at, two decisions were made. The first one
cycling static loading, in which the problem of regards the mechanical modelling of the beam. We
stress reversal has to be dealt with. A less used the well-known discrete model in which a con-
covered area is the dyamic response of rc-struc- tinuous beam in bending is replaced by a set of
tures. In this case all mentioned aspects of static rigid sections and flexible rotational hinges at
loading play their role, but above that the the nodes where sections join together, fig. I.
equations of motions have to be integrated in the The mass of the sections is lumped at the nodes,
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and likewise the time-dependent distributed load on an equal angle I as will occur in the real contin-
the sections. The length of the sections is y. The uous beam when the same moment .M is applied. From
flexible hinges arp moelled as elasto-plastic this we derive VzfCO in which C-Er/.
springs. The horizontal plateaus in the N-I diagram are de-

tetined by the plastic bending moment which fol-
S4 4 lows from the applied percentage of reinforcemnt.

Also the ultimate value of I andthe inelastic ro-
tation capacity I, must be determined.

F. . iF:m,le nf a v,'mTnpeJ cotin'oiW 8 bl.vw in bon- j df d
div hi_?h his been: modelfled L-9 a spgt.m of

rTh eod d tecins M fregrib e eprina. o..

The second decision regards the integration of the *e

equations of motion. In stead of once more writing Fa speci fic computer code, w profited by, the av,,-al li~lr
able systms dynamics package Dynamo. This language
facilitates the stepwise ntegraton in time of a y

set of first-order linear or nonlinear difftrential tn
equatims. Though Dynamo has been developed wt MIT Sn
for soclo-econmical time-dependent problems, it
proved to be possible to use it In the engineering Fig.3 Each nade of the disc ete inodeZ Lun be con-
field as well. Be it, that structural plastic irre- sidered a.n a mae-spring-oysteR.
vemal deformation had to be interpreted as some Each node of the discrete model can be consideredtyp;e of an e:onomical deiay: ahnd fted.ceemdlcnb mtee
The to d n to ueay: teem ol as a mass-spring-system (fig.3). Three forces actThe to decisions, to use the discrete be model on each node: F1od which is the external loadingand to make useof yndmo r md wct Just one de- consisting of a static part Fetat and a dynamicc i s io n . D u e t o t h e d is c r ete w x ie l w e ar e a b le t oP a t d y F i d u t o h e n r i a f t e m s , a d

use Dynamo, becaue of the fact that this model part Fd yFj; due to the inertia of the mass, andI?_._ which is the difference of the shear forcesdescription can yield first-order differential oAfl sides of a node. We Introduce a for the
equations in a simple way. acceleration f a node, v for the velocity of a

node, L, for the displacement of a node an0 ' for
the lumped mass. The integration process is as" "follows. Starting from know values w(t). of(t) and
a(t) at the beginning of a tim step 8t, we calcu-
late for each node using Euler's method the values

___ t+At) and t(tot) at the end of the time step by• 0(t+.W__-U(t I # At. O ft) A v(t#&t)-v(t)+#At" aft) (1)

mFrom the new values u wE succerively calculate tor
each node j

Fi".2 Elt '"-p 'a"ti characteristics of th-e + ./ (2)

We have to become more precise on the characteris-
tics of the flexible springs in the discrete model. (4)
we will discuss the situation of a prismatic beam Herewith a new value aft+at) is calculated for each
in which different percentages of top- and bottom- node: a(te#A)(F -F ;rpj,)/M (5)
reinforcme.at can be used. First of all, it is im- which facilitates to use (1j)gain for the
portant to describe hysteresis in an appropriate next time step. The scheme has to be adapted sligth-
way. becas.e of its strong damping action. In lit- ly for a node at a clamped edge; equation (2) has
erature a V- oiagram is used as is shown in the a modified form in that case. The scheme implies
mid part -if figure 2. This diagram is derived from that we have known values at o=o for the quanti-
the relation between the moment N and the curva- ties u,v and a, which are derived from the boun-
ture K. for in fact ! is equal Vt . and the diagra dary conditions at thit time. If the bending mo-
holds for situations as occur with earthquakes ment W from (2) exceeds the vafue of the plastic
during which cycling of the loads mA" .eat a number monnt, this value is taken. Also specific atten-
of seconds. In our case of a puls load or explosive tion is given to unloading processes and the re-
loading one may expect that we do not run through lated hysteresis. -,ich will Pnt be disrussed here.
the diagram a couple of times, but Just one time
due to strong plastic daimping. After that the ULTIMATE STRENGTH AND ROTATION CAPACITY
viuration will vanish elastically. This made us de- The characteristi:s of the *-! as were adopted in
cide to use the more schematized A-I diagram which figure 2 presuppose that the beam his been desigiw,
is shon in the right-hand part of figure 2. in such a way that no failire in shear occurs be-
The stiffness C of the elastic branch is easily fore the plastic ,noment has been reached. It his
derived from the bending stiffness Vi which holds also been adopted that the rotation capacity is
for a rc-beam. We consider a part of the beam of
length y and require that the discrete model yiekis not influerced by the presence of a shear force.
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In general this is true because of the applied stir- Figure 4 shows the result of this decision for a
rup reinforcement in beams. specific slab strip,
However, another situation applies for slabs, be-
cause of the absence of stirrups. So the strip which r. =
can be selected from a tunnel roof -though being r
treated as a beam- may behave in another way. In 'al ftrfl Ui te
that case a cross-section can fail for combinations l '(ctltqrwf to " QtUW
of a bending moment and a shear force in which the
bending moment is smaller than the plastic moment. I

Brittle failure will be the case then. Or, in case I rtie,, Now
that the plastic moment can be reached, the rota-
tion capacity may be reduced. So, limitations on
strength and deformation!. 1- 6

0 Q75 7S
As for the strength, shear failure strongly depends MW
on the relation of M and Qh, in which h is the ef- Fig. 4 The failure envetope for the shear strentith
fective depth of the beam. For different values of in coas of a particular conret" quality,
,V/Qh different failure mechanism. will occur, each percentage of reinforcement, and depth of
with its particular strength. In case of static the elab.
loads one normally differentiates in the following
modes: e now concentrate n the deformation capecity. In
-a shear crack grows from an existing bending crack the cae that no stirrups ere applied, the shesr

(flexural shear failure); force must be partly transferred by the compression
-a diagonal crack in the web occurs due to tension zone of a cross-section. When a plastic moment
stre~ses (tension shear failure). starts to occur, tie compressiun zone will becomeeneed ,ot consider cases with diagonal rushing smaller for increasing curvature. However, in this

which only might occur when stirrups are applied. plastic case almost all shear force has to be trans-
Neither we need view the cnse of failure i the ferred by the compression zone, due to large crack
anchoring zone of the cain reinforcement h widths. At certain deformation the compression zone

will have become so small that failure (by shear)

For static loads Rafla has proposed an appropriate occurs. Hence the rotation capacity #N, which is
formula to estimate the flexural shear strength left over when a shzar force is transerred, is
of a beam. He derived the formula in a statistical smaller than the rotation capacity Ip which is at
way from a large number of tests. We adapted the disposal when no shear force occurs. The reduction
5% lower boundary of all results for application depends on the ratio of the present shear force Q
in dynamically loaded structures. yielding and the ultimate shear force Q,, which anyhow cani da a 1 be transferred by the concrete. This latter value,

4n =  n jfc, -, h (N/-) (6) holding before large shear cracks come into being,
Herein is the nominal shear stress which can be calculated with aid of the Rafla-formula
has to be' Ytiplied by the effective depth and the (6) which has been adapted for dynamic conditions.
width of the slab strip to find the shear force, Figure 5 represents the adopted dependency of te
f'c is the cube crushing strength, w iS the per- rotation capacity on the shear force.
centage of reinforcement, and h is the effective
depth of the slab strip. The value cad depends on
the relation of M and /h:

ad =O.9-0.03 V.!Qh (7) a TThe sher failure criterion for tension shear more
likely will occur for values of the bending moent
which are smaller than the flexural cracking moment
at which bending cracks come into being. For such
small moments (thus small values of N/Q3) no flex-
ural shear failure mechanism can develop. The ten-
sion shear failure will occur if the principle 0
tension stresses in the mid-plane of the strip ex-
ceed the dynmic tensile strength f0t dun. There- The rtacion capr;t 1 decr.ase for an
fore, a good approximation of r at ter lon shear Fg. PQ
failure reads u inreasing shear for-e .

T ... O.-•.t1dz (8) APPLICATION TO A SIPLY SUPPORTED BEAM
The h!1Istinate omtd he flexural cracking moment
can not be done vtry accurate however, because we In this aplicaton it is assud that the beau
use average dynamic properties of the concrete. can not fail in shear. So it has be adopted that
Therefor* we preferred to make the transition de- sufficient shear reinforcement is applied.
pendant on the value of N/Qh. Rather arbitrarily The span is 15000 m, the depth of the beam is
we decided to use the tension shear failure cr1- 1200 m and the width is 1000 m. Top and bottom
terion for values M/lh<o.?s and the flexural shear reinforcement percentage is 0.3%. The concrete
failure criterion for values of N/4%>1.?. In be- quality is B22,5 and steel quality is FEB 400.
twean of these values a gradual transition has For the concrete material we introduced
bean proposed from tha one failure criterion to
the other.

184



MOMENT SHEAR "A

-tOms 10W .N
---t ,2ms

MO'NT ".IaSfn, SIWAR ,

M, v - . - .

I '3O ,kN ,'IV

MOMENT -- aw ~ i~ i:~A

" - * -
'"0 t" ' a"'" 400DkN 's1

MOMENT NOD W(S) MOMENT COE 7 tWms)

MP. 1000hN

OISPkACMENT NOE 7

W "ww,) di -,,-: t . ,lod
Mp~ 2 O. 0 ...tn.5 1000 15020

DIP00EEN MOMEN ?ID HA OE&

w(m,"

Fig.6 TIpical r' -.:,ne plot. for am impan ef'ulie iCbud Zoml on a simply s.pported baem.

4885



t"__:.-" i./,,.; r" = ,56.1 IX 1.", :
°  =:; ,-.,, .. -'m. .

a Nit he steel stength fj= 4f. X',".
j - ') V/"-,. he M
e span is mode'led with 12 discrete sectiors, water

which implies that the length of a section Is to be
co.ared with the depth of the bem. The load in
each node consists of an impuls 6 sVe at t-,. The ZZ Z//2V
lied mass -7 in each node is 3600 kg, so the i.-
pulsive load yields an initial value of the velo- el mslo[ I l JI./ 1O nn
city v - 6000:3600 - 1.7 i/sec. One could interpret I
the analysis as an experiment in which the beam 5 I..,. 1 IL/ L I l! '

falls freely from some height until it hits at time . /
t=, the two supports. ISM Im 4

Results of the analysis are given in fig. 6. Herein FiTg. F..'-re of'" a ttodal traflfio tu' .-I n', t,
the distribution along the span of the beam is shown NJetherlnds.
for the moment m and the shear force Q for differ- The coefficient a is a shape factor of the shock
ent times t. At small values of time t the beam The Ineaftunntl is vae ca b e s ock
hardly feels that the supports have been hit. Only wave. In a tunnel its value can be set to 4.
at the end strong curvatures and thus moments occur. Dependent on the type of 1quified gas, the peak
Also big shear forces appear in these parts of the value can be of the order of 10 bar up to 25 or 30
beam. When time goes on the bending moment diagrm bar for the worst type. Tests n sa ll scale tun-changes of shape and the displacement diagram nels show a positive phase duration tj of aboutdevelopes in in expect-d way. One can easily see 50 is. It is not quite clear which model lawapplies
that a wave of shear force travels through the to determine the value of tj in a real tunnel, but
that. an wav of reeenheartdeetra velhroghe oit should be expected that t, my increase. There-
beam. In tothl agreement with the development of foew aeeaie h nfec ftrevle
the moment diagrams one also can note from the fore w have examined the inluence of three values
plots in fig. 6 that plastic hinges cam into be. of t., namely 50 ms, I00 ms and 150 ms.
ing at some distance from the supports and then
"travel" to the mid of the span. Also some plots
in the time domain of a displacement .,, a moment PrIla
X, and a shear force Q are shown in fig. 6. p
The alternating character is demonstrated once
more in these plots. In the same figure it is
shown for a couple of hinges which path has been
run through in the elasto-plastic v-f diagram.
From this it appears that the beam after some time
vibrates in an elastic way over its whole length.

In conclusion, it is felt that the runs made, have
shown that the elasto-plastic discrete model is
able to represent the main characteristics of the
beoaviour of a beam for impulsive loading in a 0
satisfactory way. Though the real behaviour in
detail may be slightly different, the global be- 8 z, :,;,e-t'w plot for a eqllosion ,:.
haviour is modelled in an appropriate way. Avail-
able cxperimental data are confirmed by the results
of the model. This holds at least in a qualitative Firstly we made an analysis of a beam with clamped
sense, but also the quantitative information sounds ends, assuming that no failure due to shear will
profound. occur. The span is 15 m and the slab thickness

1.2 m. We started with a high percentige of main
APPLICATIO; TO BEAN WITH CLANPED ENDS reinforcement at the top and bottom of the slab

ie now consider a beam with clamped ends, which is of 2.5%. This yields the following capacity of the
representative for the response of the roof of a - - beam, which is determined by exhausting the ulti-
tunnel in which an explosion occurs. Fig. 7 shows mate rotation capacity.
the cross-section of a typical traffic tunnel ar r t,
it is-applied in the western part of the Nether- | (

lands. The pres' ure-time plot of the shock w4v.e 1,0 ma 60 bar
due to an explosion in a tunnel is shown in fig. 3. M 2.5% 100 IRa 34 bar
Herein Pf is tt't peak value of the pressure, ?6, ms s bar
which is expressed in bars (I bar - 100 kN/m 2), and
td is the duration of the phase at wtich the pres- Ie se that) , reduces for increasing Q. Though
sure is present (positive phase). Pf er t=tj suc- not exartly true, cne can roughly say that the pro-
tion may set in (negative phase). Th. pressure- dct of p' r and t is constant. Or sAd in anoter
time plot appears to be described acurately by the way, that"'the toti impuls is more of less deter-
formula t d miring. In all three analyse6 plastic hinges come

P(t) Wu4Z [I - into being at the clamped ends and at mid span, in
the same way as Is found for a static load (so
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different from what we experienced for a simply From this one can conc 'de that an Idealization of
supported beam). a tunrel roof to a sin,lle-mass-spring-system is
The analyses may produce insight and understan- accurate for the displicment and mamets, but way
ding, they have however no practical value because be misleading for the talue of the maximum shear
of too high shear forces. In slabs without shear force and the position along the span of its occur-
reinforcement the allowable nominal shear stress once.
T" is of the order I N/ma2, and we have found If no stirrups are applied a shear failure criter-
values between 5 and 8 N/12. So the real applica- ion has to be Introduced, which strongly reduces
ble P,,. will be much lower, the allowable load, and in most cases no plastic

hinges will come into being anymore.
To demonstrate the influence of the shear failure
criterion, a new series of analyses have been then ACKN(NLEDG(ENT
executed, for reinforcement percentages 0.7, 1.1.
1.8 and 2.S. Here we only present the results for estudy has been excuted as part of the fulfill-. - ~lt.sontof the requirments for the degree of civil

S1.1. engineer at Delft Uni-ersity of Technology.
td Mucroe.,.) 8,e., .aJ..'r,) MUCh thank is indebtei to prof.Dr.-Ing. H.W. Rein-

hardt and his co-worker dr.ir. J. Walraven for
SO PR :6 bar 7 bar their advice and support in deriving an appropriate

S W.5 m 4 bar 4., bar dynmic shear falure criterion. We also highly
S Z6 MR bar -, ba appreciate the readiness of ns. Joke Oud for

We see t.t the application of the shear failure typewriting the paper.

criterion strongly reduces the allowable Pp, as
compared with the situation in which one just checks REFERENCES
the exceedonce of the rotation capacity. Roughly 1. Glaauwendraad. J; Methods and Possibilities for
P,^, decreases to one third. And for higher percen- Electronic Analysts of slabs (in Dutch). De In-
tages of the reinforcement the reduction is still genieur, Vol. 03. 7 Febr. 1969.
more severe. 2. Pugh, A.L.; Dynamo It User Manual. 4th edtion.
An inspection of the results learns that even no
plastic mome ts occur anymore, because of early The NIT press, 1972.
shear failure. Whilst the moment diagram along 3. Monnier. Th.; The Moment-Curvature Relation of
the span is similar to the distribution which is Reinforced Concrete, Heron, Vol. 17, no. 2, 1970.
found for a static load, the distribution of the 4. Rafla, K.; Emirical Formula for the Calculation
shear force is quite different. Failure does occur of the Shearcapacity of rc-beams, Part I (in
rather close to the mid of the span in node 5 or 6: Gern). tress*. tricke, Tunnel, Dec. 1971,
The analysis for tj- 160 ma has also been carried n t
out for the other percentages of reinforcement which no. 12.
have beer. mentioned before. Supprisingly enough, 5. CUR-VB report 108: Plastic Hinges (in Dutch).
the allowable Paa,. in all cases was 3 bar. It is Sept. 1982.
true, the allowable shear force does increasQ for
an increasing percentage of reinforcement, but 6. WalrAven, J.C.; Shear Capacity ot Reinforce*
apparentty also the acting shear force can become Concrete Beam and Lightweight Concrete Beans
bigger, due to an increasing bending stiffness, without Shear Reinforcement, (in Dutch).

BetonOnderzoek. Delft Uriversity of Technology,

CONCLUSIONS 1980.

A discrete beam model consisting of rigid sections 7. Van der Veen. C.; BlaiawendraAd. J.; Dynamic
and flexible hinges is a poerful tool for better Elasto-Plastic 4odel for RC-members in case of
understanding of the elasto-plastic response of Impulsive and Explosive Lodi Rijkswaterstait.
reinforced concrete beams which are subjected to Structural Research. report no. 83-01, Utrecht,
impulsive loading. This is achieved thank to the Holland (extended version of the paper; sum-
fact that the governing equations of such a model mary of thesis of C. v.d. Veen).
are easily solved by the use of an available
systems dynamics language Dynamo.
For simply supported beams impulsive load yields
a moment distribution and shear forces which
strongly differ from the ones wnich hold for si-
mular-sttic loads. Provided that no shear failure
occurs, plastic moments can occur at positions
along the span at some distant of the mid. The
plastic hinges thereupon travel to the mid of the
span.
In case of the examined beam with clamped ends
(simulating a tunnel roof) the results are differ-
ent. The moment distribution is more similar to
the one which appeArs for static loads, but the
shear force still differs, be it less than in a
simply supported beam.
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COMPARISON OF PREDICTIVE METHODS FOR STRUCTURAL RESPONSE
TO HE BIAST L(OAS

Vashington T. Char

Michael 4. Dembo

ITS Ary Corps of Er.gineers
QHuntsville, Alabama

ABSTRACT APPROACH

Numerous methods for predicting structure re- Our experience with HE explosions typically
.ponse to airblast caused by HE explosions were centers on three basic types of airblast loading:

1 developed during the last twenty yepra. The rigor, (1) pressure-time (triangular). (2) Impulsive,
complexity and sophistication of the methods are and (3) the combination of impulsive and pressure-
known to cover a wide spectrum. Some the less time loading as shown in Figure 1.
complex but widely accepted methods are examined,
assessed. and discussee relative to their degree Accordingly, each of theme loads was sepa-
of conservatism. To support their assessment, rately included in the analysis. It was consid-
the authors critically examlnso, the structural ered important that these loads be treated
design parameters used in the predictive methods. separately in view of possible variances in con-

servatism in the methods under the different
loading.

The C.rps of Engineers, as the Army's
designer and builder of military facilities,
mai'n'ins a continuing interest in the technol-
ogy of tho effects of weapons and explosions on TYPE OF LCIADING
structures. The earliest design techniques were R ! s t
related to projectile penetration and then came 0 "
the great interest in effects of nucleec weapons .. . "* - ,
includirg blast, shock, and other associated "" A
effects. During lor!d War 11, there developed . .

relatively crude procedures usually "rule of ' i--:

thumb" methods to estimate effects of accidents *so.
at the many munitions and explosive manufacturing 0 e
facilities which we rapidly erected during the
period 1141-1945. In the last 30 years, problems cowc ,CYa MTW.KW TO MRAVANO

of design of structures to resist the effects " - -

of HE explosions have been addressed on a more FREE coNTAIO
rational basis. w

Two of the most recent non-nuclear documents
reflecting the Corps' efforts are 114 5-1300,
Structures to Resist the Effects of Accidental
Explosions (1969), and HDMI-lllO-l-2. Suppressive Figure 1
Shield Design and Analysis Handbook (197)).
These documents, among other Corps references,
provide our basic guidance. However, the Corps - Since reinforced concrete prevails among-pro..
design activities have not been restricted to tective structures, we selected a reinforced
these two documents, concrete wall as the structural element for our

assessment of the methods. After determining the
Many methods conforming to other authorities loads and the structural elements, we proceeded

are also used. Some of the most frequently used with our analysis.

methods are: t,) ASCE Manual 42, (2) Air Force
Manual 500-8, (3) Defense Civil Preparedness
Agency (now Federal Emergency Management Agency)
Protective Construction, &Ad other texts usually
associated with structural dynamics.

BEST AVAILABLE COPY
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S"RUC11ATUL CAPA ILITY By locting the -oordInote (td' p_), the
ductility ratio may be estimated by inferpcl. thln

The t -,.Oav reinforced concrete wall in between the u's. For a ductility ratio. u - 3.
Figure 2 vas designed for flexure an indicated two curve are shown; one for T31 5-30O method
by the main reint,,rcenent. No shear calculations and the other for the suppressive shield method.
were made. For our vurpose, it i assumed that All the other methods previously discussed are
shear may be adequately provided. Flexural distributed In the shaded band. A close observa-
strength and other structural properties are tab- tion indicates that the TH 5-1300 curve La more
ulated In Table 1. These were used as the basis conservative than the others, because bein on the
for calculating deflection used in our comparison. lower side of the shaded bind it tia more restric-

tions on the limits of pressure and duTation for
the given adctilfty ratio. u - 3. The Suppressive

t Shield Handbook curve Is less restrictive, allow-
ing 25 percent higher pressures for the sAme dura-

0.00-W. ittion and ductility ratio.

-,C0WIR IPULlIVE LOAD

I. r When the wall is impulse sensitive from close-
b 1F lHWALL in explosions, deflections are also predictable.

lOFT WIDE 091mE) Based on the curves in Figure 4, the TH 5-1300
curve on the lower side of the shaded band Is con-

mqoPecrnzS servative because being on the lower side of the

f1,a
4
0.MOOOpei shad-d band, it has more restrictiont on the

f0.,5,000ps limits of the impulse for a given deflection. The
Suippressive Shield Handbook curve is less restric-

- - tive allowing 20 percent higher impulse for the
same deflection. Curves for the oth-r methods

Iare distributed within the shaded band.
RE INFORCED

CONCRETE WALUFLICY O
(TWO-WAY SLAB) 0 trT, WALL- !MSIwcV

Figure 2 L

TRIANGULAR LOAD ..-- ,' -

A family of curves is plotted for the rein-
forced concrete wall to predict the wall deflec-
tion resulting from a triangular pressure-time
load. fach curve represents a specific ductility
ratio, u, hence deflection. See Figure 3. i

C-

s.0

ser U Uo * " *J * 4 U S N - *4 S

.. , . . . .

was Figure 4

COI4IINW LOAD

I.' "The combined load consists of an impulsive
.load followed by a prolonged gas pressure. A

family of curves is shown in Fiture 5 and each
curve :epreaents a specific ductility ratio. u.

Figure 3
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Altet locating the coordinate (P *, I), the duc- ASSUMTIONS
tility ratio, u, can be stimatet by interpola-
tion between u's. The ductility ratio curve u 3 Four factors influence the ditferencea in the
for TM S-1300 and the Suppressive Shield Handbook predictive mothoda; yield line assumpti n ment

ethod* ore shown. It can be demonstrated again of inertia, modulus of elasticity and stilfnaaa. As
that the '1 5-1300 c;rve on the lower side of the expected. the variance vithla these factors are the
shaded bend Is more conservative than the basis for the differences in the predicted deflec-
Suppressive Shield Jandbook curvs on the upper tion.
aide of the band. IN 5-1300 is more restrictive
on the limits of Impulse ..nd gas pressure for a
given ductility ratio, u a 3. The Suppressive TIELD LINE
Shield curve is lae restrictive allowing 15
percent impulse or 30 percnnt higher gas pressure In most two-way siab designs, the effective
for the sam ductility ratio. unit resisting moment$ are assgd to be ,.ifor-

ly distributed on the yield lines. In TH 5-1300,

OPET or 1jj0VO the effective resictint snmt at the corners are
L red.ced by one third. This reduction cruses the

7N 5-1300 method to be significantly conaer ative.
K.o 0 k see Figure 7.

TWO-WAY SLAB

YIELD LINE DISTRIBUTION OF MOMENTS

I.0

e ~~~ ~ ~af 42,Pt ~lU
Figure 5

EXAMPLE 8

The charge weight, distance and load para-
maters are shown in Figure 6. These numbera
provide m. appreciation for the magnitude involved 01vet OF IIUnA

and an understanding of the curves. Applying load
parameters on the wall, deflections are estimated The formulas for momon of inertia ars shown

by usiug Figures 3. A, and 5. These axaples are in Figure S.
not restricted to any one method, i.e., both TN 5-
1300 and Suppressivs Shield umtbods are used below.

FORMULAS FOR MOMENT OF I?'VRTIA

For the 000 TNT at 100 feet, where Fr - 90
psi end tr - 16 -, elect from figure 3 (1H 5-
1300 curv) approxieste u 1 1.4 or 1& * 1.4.
x 0.13 in. - 0.2 In. For the 5i. Ttt' h 10

feet, where ir ' 1920 psi-qw, select f roo Figure
4 (Suppressive Shield curve) P. , 7.4 In, Is- 'VI8.5eO W3) W UM V1 m M.

For the contained 8 lb. TNT at 5 feet, where A F SAWIAL
r- 184 pal-i and ?P - 64 psi, select from l.l. nlM !tf U L 41

Figure 5 ('5 3-1300 curve) approximate u o, 1.3 or P CIW CONMl
X, - 1.3 x 0.13 a 0.2 in. roe" deflocclons
compars well with the calculated )6 in Table 1. Figure 8

Apprerteble difference in Is q[ai s who the
slab thiceimse is smal. This is attributable to
the we of "T" in TR 5-1300 and "d" in the other
methods.

BEST A1LABLE COPY
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M0ULUS OF ELASTICITY UIS 10SIO

When 3600 pai concrete is specified, the Ec
in ?iPiru 9 is the sem for all methods. See The aasmnt aon the relative cosisrvatiui

Intersection of curves. sra based an airbliat data from 1 5-1300 curves.
The more recent data in the SUiqemsiV* Shield
Unadbook ti significantly different. Th. differ-
ono in iVulme is seen in Figure 10. T% 5-1300
is as mch as 60 perent higher.

MODULUS OF ELASTICITYcos
F's wL 3 4i Tus-isco

A F 1MSJAL

Its"
Ecs 1000 ft' WMJJAL 41

PPO1TClTM COW .

' I 
\001j.

4 ilO'

1000 00 4000 WOO

figure 9 Figure 10

Since mt concrete aLrength for airblast If the latest data were separately used in

loads exceed 4000 psi, a difference in modulus the Suppressive Shield Randbook math d, the

of el ticity ie unavoidable. differences in conservative betwen methods would
be more pronoumced.

STIFFNESS Vu have examined the ext-'.me in the prt-
dictive methods. Of the Gix methods, no coapari-

With the exception of protective cooetnttion :on was mad- as to ho how each related to the

and Manual 42, the equivalent stiffomsels art used. other in cooworvatis-. The hat basis for Judge-

From our preceding eamle, the stiffness by Manual int Is the cwparison of deflections in Table 1.
42 Is significantly i her as sh belm:

In our exausnattim of the methods. we assumed
all methods are coneirvetive. This aas-mption is
auppo,-ted by testing of full scale and model

structures in previous krmy prograe nasociated
nual 42 k "1with the development of Corps .)f ftineers manuals

SConstrctiofor h~rdened structures. Accordingly, % consider
4 the assumptil. to be rresonahle.

thers I' 605 I"/$LI
4 In seesilug the relative coaservatim of the

L I th~e. the focus vam on both eide of the S~t-
trum; the mot conearvsttv an one and And the
least coseeruative on the other. We id tlfi ed
the IN 51300 method as the mot con&rvt v and
the Suppressive Shield dbok method th e
lasat conservative.I i



Based oni the maxim deflection, X,, in
Table 1, the order of coneervatiam beginning with
most conserypitive to least conservative follows:

1. TH 5-1000

k, uienual 4i

3. Protective Construction

4. Air Force iMual FREE AIR BURST CONTAINED BURST

6. Suppressive Shield Handbook IL

In general, because of aivitlarity. it would f6 F IL E0
be more appropriate to group conervatian an
follows: 1IN 5-1300 by itself as the moat conserva-
tive; Manual 42, Protective Construction, and the IN It w
Air Force Manual in the intsrs~ediats group.; and 400 n M k... 0
Biggs and the1 Svippresaive Shield Handbook as the V0111 A aa
least conservative groupi.

Bit Let 01

1. 71 5-1300: Structures to Insist the Iffoct.
of Accidental ftploslMn, TW 5-1300. Departent
of the Arr7, Washr4ton, DC, June 1969. F~igure 6

2. Manual 42: Design of Structures to Resist
Nuclear ]eLo ffects, ASCE M.siual of Engineer- Table I
ing Prartice No. 42, Amrican Society of Civil
Engineers. New York, NY, 1964 edition.

COMPARISON
3. AF Manual: Effects of Airblast. Crateriag, lots". #&%MsM *%4 AmNOe
Ground Shock and Radiation on Grdened Structures, m - "in~
A)SCH Manual 300-8. Department of the Air Force, apo
Washington, DC, Jancary 1976. - "aL1 - P -oa ____ Mslm I

___ " se io a 0 we

4. Protective C truction: Prt~lv .C= ruc- r,, bowj - 1 - -A. 4l*
tion, TR-20 ('Vol 4). Defense Civil Pragarduean Wo *W Mae
ijency, Baltimore, MD. May 1977.

5. Suppreesive Shield Handbookz Suppressive 440 ok %

Shield&, Structural Daaiuip and Aga~ysis Handbook. li 10
WA-1110-1-2. US Army Corps of nginemr, Per WS C.4 ale .

.;untsville, AL, November 1977.

6. iipgs Biggs. J. M., Introduction to Struc- as5~ -_a . i~
tural Dynamics, NcGraw-Uiii Book Copany Noew ?1±L. A .i... --

York. NY, 1964.

4%-1'
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USIPOW OF A LflhKA MTO1K 7 ANEIPONWTALl. M29M PUBI

Naval surface Wapo ns eter
Wite Oak, Silver spring, Md. 20910

AMNIACT DYWAICS OF A LIMWSA TRUCTURE

Kzjplasiop ynemics is concernted with the The single degree of freedom spring-mass
response of structures to istese pressure systin is governed by the differentiul equstiofi
loadings from shock waves. host ineractios
that occur in practice are very compex. so that F Ga Psp(-tIT) (1).
scaling lIs" are often samlye to redice the
nmber of isapoedet vari bios to a lessor Ar* x is the distlacomsat. a is the
number of dimensionlss variable@. Very often, aceplaratioa, P it the peak pressure, t is the
this makes the results easier to isterpret. tins, ead T is the characteristic tins of the
Nre, new similarity variables are introduced pressure pule. The natural frequency a is
which load to flatter reopos curves tha those tiven by
obtained previously.

The energy transfer free the fluid to the
structure is treated by comutat ion of the fluid whe to k is the linear spring costanit. and H is
work done on the structure and the iacrees, in the "as of the body surface per unit area. rhe
elastic energy stored in the str-octure boundary cooditioos at t 0 ae

t - 0: I a()
INTRODUCTION

where a is the velocity of the surface. The
Ondeawter azplosioos produe a comlex sotution of this system is oscillatory with the

tluid-structurs interactioe at the surface of a moxismm displaeenit sm reacbed at tine ton.
submarged bad:,. The pressure at the body
sur~sc* is dependeet not coly on the shape of It is com.Loiet to introduce the following
the body, but is modified by the isadced motion Nissioalee variables:
of the body surface. In gaeral, because of the
aon-limear behavior of the water, the surfece I /? 4)
pressure at any particular tins will depead on
the previous history of the moticn of the k hMm/P ()
surface.-

fsT ()
?%is mesa* the free field pressure from the

explosion is modified aot only by sbock t t ()
.-sflectiom from the body. but also by the tparticular path taken by the surface as it movesta wt
under the pressure loading.

In tetma of these maw variables, the solution to
This paper is comceraod with the special lqwtioe (1) that satisfies tbe oowadar7

case wher,4 the pressure mdificetion from body conitions siven by Iquaation (3) is
surface motion is maglegible. This usnally -. y
occurs is the case of eaploeia iai air. The a *Zf -cos T + (sitm (9).
structure iossued to he a linear @pri%#sm* 17sIs
system Jubjected to so eqoential pressure
load. A d*eemat of model leas for this case Tbs relationship betueen the aupeonotial
appears in 10fer0~0 1. Is thie pmez. Mew presure ledixg ad the resultat displeent
similarity variable, ae Latredisoad uhich give of the atructure is aboo in Figure 1.
further insight Into the dyamie of exploaeee
ibiuced not ices of strocteres.

A: ..



TL49 Of MAXIM IIPIACUUNT PUM DI3R.ACUNT MM* ON AVYAG PRASSUM

As indicated in figure I-A, the maximm A new displacint functioe analogous to
displaceent -n of the structure is reached at qRatioe (3). but based em the average pressure
time to when the velocity vanishes. itetd of peak pressure is
Differentiation of Rquation (9) leeds t,) the
expression mok a h ma/pa I)

* xp( -/!) a isin i- # C'30 G-- 0 (10). A plot of this function, shoiag the relatively
flat response is shows to Figure 3. A quasi-

The time at maximum diePlacem-~t is aoe ts satic land with Y - 1000 will produce a maxim.n
Figure 2 as a fuorttoo of the characteitit defleetion that is 1.273 times Is gr the& that b -

loading time. predeced by a impulsive load with To .01, if
the average pressure to is the saw for both

~ loadings. In this comparison, the siftsm
Wr" 11PACUMSunor n MSURR eflctio amis met very sensitive to the shape

of the pressure pulse.
Subatitutic" of 1; into Rquation (9) leads

to the distributiee of the mouiim displacemsent
function Z hinw in Figue S. The maimg PW~ AM AVWkACE FRMUU PUNCRIONS
disploamest function, as let lead by Eqution
(5). is the ratio of maxim displacomoct to the to Reference 1. a Peak pressure function was
displacement that would occur under a static defined as
load e"ua to the peak pressure. A disadvantage -IP(

of this definition is that it in indepeedeeit of 2 /km)(17).
the shape of theipressure pulse. Thin produces
the large varietion in an shw in the Figure The denominator os the right represents the
3. A flatter respons. curve sea he obtained by Maximum elastic energy stored in the spring.
basing the displacement s an average pressure This occurs at he tie of mavim
exerted os the well. rather than the peak displacmet. more. an average pressure
pressor% function is introduced in the form

Fae - 2 pa/(k eM) * 2/ur'(I)
AV8IAG2 PUzgSURS AND APPL13D DtLIK

This function gives the ratio of the average
The definition of total impulse is pressure to the awerae spring force. Plots of

at these pressure functions appear in Figure A.
I JP(t) dt (11). The applied pressure function is relatively flat

. f coawed to the peek pressore foaction. This
Por the expconsntial loading used here, own that, over a wide rage of values of the

chaeracteristic tims of the pressure Pulse, the
P a /T (12). ratio of average presosre to the einwisou elstic

Moray stored in the structure ie almost
because the total impulse includes the pressure consaent.
loading applied to the structure after It Me~
reached its maxim. displacemet. we introduce a
new similarity variable, the applied impulse J TOTAL Alt APPLMf VSIUL FUCTIONS
defined boy the shaded region is figure 1-4. by
fixing the tppr limit of integration to the Is Defereace 1, a Iiulse function was
tie of maxim displacemnt. the applieod defined as
impulse is w /w uui2i - (P

i :r p(t) dt (13). Nere. this is replaced by a cppIsd iqitale
a, function defimed as

Prom figure 1-1. ebe overage pressure, applied
up to the time of Matineedeflection. is J*J/l. a M) -f*n' z/2 -tid (*0).

re aJAtM (14). As shwsIn ignoeS. Pvetigfo a .0 for
"Issute leods to 1.371 at qeasi-etatic Ioa.

Por the exponential loading considered here,
11"ton 14)becmesThes mressmesufn Sqee~a m tion (19)
Iquatfncio ior1)bcos h sesos fer ~ mati otal inps

Pa (p ffI-f) Iap-~) (13)oshi is Filme 6. bs cumu to a hrola



esterliM to isf laitY SalAsG forcs and 1"0l64 After corn unipolatiae, we obtais
?Wytotoo. A cerrespeediag applied prteare t

fWuem, applied iopele foactloe response ye (M

c" rve fme itou (2o) is Clseo Oh". The (IF Y)lh, - h too
latter curve is a msail aagnoot of a hyirtola
V-st gives the cesobinstios rf applied pressure Mhe leectes. it plotted is " "er I fot
and applied twle that produce the te three Value* of the eherecteristic tim. r"asia
Saxsome displacement of the systems, from 0.1 to 1000. These curve* correspesd to

lagusieve, dyamitc. end asi-static leeds,
rspecetively. L-Alk curve starts at sare time

ImagC NMVUATIOP and We at the time of "mmm defletlee when
all the filid verk ft the *trotter* is $tered at

If Viacous dissipation aM rediation daming elastic 4emru. For time betwe, these two
from well notice ar* neglected, Mt wort dose as aedpoila, oely a frectle of the 1luid work
the struture by the fluid is cnverted directly d4e as the struetture is stre as elastic
isto kinetic nergy of the strutter* sad elaistic asopg. 71.. balance. as ladecstad by Iquuetiom
"6ra stored is the sprlssg. if tism is (29), to sated as kinetic energy.

seesure fres sheck impiaesWt with thse
struwtott, the wark done fs the strotture by the As the well starts to worve under the ittos
fluAid -Tsswre up to the time of imsa. pressure loadieg, maet of the work dose by the
OispleS"It is fluid goss late kinetic eerg. Only a small

to pertesage rose itt eleati eergy sta.zod is
W f(a P(t) dt (01). the aprieg, After the well he reached its

soil. velec~ty, a groater reftestege of the
where a is the sorface velocity. A work work he. bee" ceevertad ist., elastic seerg?.
function is defined by the eaPrasin when the well finally coms to "t t at the

sUnitive diskplacessat point. 411 the fluid work
W* - /Ip sO) (22). isstorend as elastic seatr".

where the don~macor is the fluid work damt on
the atructure by a static load equal to P. wi1th COCLUSIONS
th' aid of Iquetiom (21), Uqatioa (22) hecoea.

2 -2 3cee~ rePspos curves for a linesr spriagasa
ye -IL 7 1' 0 - (23). y~-h.bee" sdified by the introduction of

Vin t -IY cc N1 new similarity Variables. "A applied kimpulse
is defined as the inpulce received by the

where stns~ture up to the tins of Dsal.
displacemet. Any lagulse received after this

It ept-cmdT) (34). urnw 400. Not Mav moy inf luence 0m the
saffiitude of the ssiWAN displacesseat, end is

The fluid *,rk f'sinis shown it Figure 7. therefore seglected. Asaoverage pressure over
As th- proevro loadiag hecome sore lagusive, this time istevel was also istrodoced to ho used
the work does 5y the fluid os the struct-jr* is a in place of thes peak prssure. Wbi wee chocem
smaller percent"t of that produced by a quasi- ecause two different pressure loading& with the
static 1oadC a initial peak canelhave cwoletsly dit erest

Mepences because Lheir cheroctlstit ties* are
sac hey imetest in time, the fluid wort is is different.

equ~ilibrim with the elastic tergy stored in
the spring and Lhe kinetic energy of the ase. The response curves for the new functions
Thi, can be expressed as ittdted hbare are fairly flat sod do mot

apwoecl sert or infinity as whas thbe loading
11 , 2 Q (26). is static or very ilotwiv. A structure that

receives the sem qllsd ias~ls from two
where the elastic energy io diffarest pressere pulses will receive

appronimstely the se mnim deflection. Wei
£ - k 22/2 (17). camme be said for two different polses that

hae" the em total impulse.
cand the kinetic esarty is

A stody of theo energy transfer from the
Q - N 22/2 (3). fluid to the atrocture indicates the Work dos,.

b- thes flild is leitiolly treneforwd woetly
lenaCiox (26) eom be writteet isk the form into kinetic energy. iator, after the structure

bee realhed ito S~m. veleity. a1 greeter

Cs INw O /W (29). perceetage of the fluid waft tosaerd 60

d" _ _ _ _ _ _ __ -- . .4 N



Olaielte egeiv is ti esprims. wbom the field pressre is eapeaetial, the aet
.tvvetvts has reached its mvew disploeeinset preseve at the sarte.. of the strweeure will so
eIt the 11.14 vork is stored in the spring as 1w~ar haes that tomn of dos&y. This ease,
elastit e%*TO- LAr energy ri* , ill the which applie, to meat wiedrvtsr apooiess.
pulse oter the tie of wai.. dislalst in .ill he the sMaJ.ft Iet a 1ctvre Stwdy.
irelevant. "Ai to *eeutialLy %feted, sne t
Cannt have any I.e luvte so the maimm
4iepuesset * ?AI~Sm

It is expeeted that these results will he 1. Baker. W. I.. waetime, P. I.. 4ed bed".
vigsitinestly modified wbee the presue loading 1. T., 'tlmilarity Notbods is Inimeria
is Changed by radiation dw Iq8 poedved by Dynamice" (New Jesey- Nhrdee Book 0.. 1n".,
fIiid-GttcTvrelt*oftktle. Itee %MR. the frea 1973)) pp.21-32.
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o(sUs Or I LOSIVE LOAOING. IMPUSIV( L0aDIG5
AND IMPACT TESTING

Tests by Willas on [I] m"Ietratad tuat
with eaplosiv* loading, a Shock wave traels
through 6 will is a ciresssonal wave And It re-
flected o the oppoite face as a tensile wave
which then cauies spelling and disintegration of
Concrete, 11111INaon's tests hav shown that
while Conventionally heavily reinforced glibs dil-
intogrite co"pIltely under exploslve load4in, the
in<lusion of steel fibers in the concrete reduc"
tr4 fragqnt vclocit. by VP to 3 perctrt, PAe
ioprtantl., It ciuoa the Slabs to retailn their
i~tgtY Without producing SecoNdarY fPSrntt
of sufftcset w t and Wocity Which might Cause
further one, figure 3 shows the eff@ctl 1f a
10 lb. OS k) charge of HE on a conventionally
rtinforcd concrete slat while Figure 4 shows
the effects on a reinforced concrete slat con.
tt'ning .FR,

FLO 4. This Slab As Similor to the One in fig-
urt 1 Clxml TWa it Coind I-3!41 b?
Volum of 0,017 a I-lit, in, (0,43 A
33 M) ,tae Fibers (Pef, 1, page 13).

Full scale tests by Lawrevce Liverwr LabOrs-
tory (4) haw* also eovtreted the effoctiveness
of steel fibers In reducing the duge from hif
explosiv s. Figures S aRd 6 Illustrate f efec:s
of 49 lbs (22 kgq) of high explosives on S ft i
S ft 1 18 1h.(.3A 1.5 K 0.4. a) thick slab& with
No. 6 (IS 0 die) $rode 60 reinforcing bars o
6 inch (150 m) centers, eac ' i ay, each face, The
slab contat-lag fibers used GOI x 0.02? a I I ,
(O.S a O.SS x 26 am) cut sheet fibers at 1.25% by
volm in a 7.5 sack, 3/4 In. (19 am) malmo size
eggrtgste milk 4esigned for 4000 psi (28 104) It 23

FLD%3. The eftiauss of a 32 t 32 a 4 il, .B0 a days. The conventional concrete was simtlir, using
IO a 100 1) Cuncrete Slab with Con- 7 sacks, 3/4 In, (19 ) a to, designed or
vontionali infoici n After Explosive 4W00 psi at 23 das. ACtu Zo-do y cres';iveTesting with 10 Im"(4.5 kg) of HE strength% were 4300 psi (30 "PA) for the S3K and(oaf.1. ;age 12). 4513 psi (31 Wa) for the plain concrete.
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T,*iwp ', i.st r'wcmndivd by t"e A111 i

fiber Apimf, rced Coocrvei', uses a 10 lb (4. kbmcopacti" hoNatr with *rt IA ini. 46l0 ro drop to
t "act a 2-112 in (64 @'s' thick disc 6 inch@%e
(150 m) in dimktvr. 1-4 nuiuer of blow% te first
crack and faib.,'-,, or ultipitt lipct resistance'
are retorded. Failwre rc,vri w4~li * crack opens
enough to allow the sides of the d'sc to tourf' thei
swrrvinding stoi,. 1hrw ,ltimato impact rvsist,,ca
in n-str of tlwvs is como.vly 15 to 40 for plain,
concrete 3nd range% from *.v't 40 zo as high as t~K
or more for I:o 1 5 'ercent ty volupw of a 6#ffotp-

A eid or c iwC'~v4-wnJ i'r fitier I

I RE S. Conventiontal ftInfortd Cori.vett Slob
Unerside, After Test 1hot (tief. 4.
P 1?

(".;ingtOn1, It &1. (5] Used a ptfi,1uf-ty-e
'-art machinoe to c'yAluate, 4 x A x2n ini ' 100 (100

" 'O0 x So M) of steel fiber rvinlot'c- FISMjE 6 Reinforced SFR( Slob, Underside, After
to so.'tar and coftcl'eto made with differesti %hapt's Tel-, Shot (fef. 4. 0.aqe 35).
ato iti-v~itt of &toel fibers, lk i" . v i9 t
s"41 were approximately 3/8 arA 3/J n and
II j) . Thq ivkpct resistance of the steel fibe r Ballistic tmpct test, ustig small an"s (11'
rt nfor-co.d coiicrete. incroased as t"e fior con- we re coondvcted by WtWs and WilIlIiamson on SFRC dot-v
to-t inrerased. Of four fiber types taosted, a and plate spec imers (9). Plate tests showed liii
0, ?0 in, (0 M) diaatmotr by ? in. (SO vw long. -1to 4 inch (75 to 100 80) thiick SFK [l.51 by vrl-
hliIi tensilt. criv~d fiber proved matt ho nficial. we of 0.01 a 'jO?? & 1 it. (').25 x C.55 x ZSre

In reilti In impact resistarce of more tMai 4)0 cwt %K-*t fitters] resisted penetration from 30 cal.
P Cant at a fil.vr content of l#%% than 1-1/4 per- sber (7.U. n) machinegi fire and K16 (7,62 amt
cant by cm we wasur*d with this fiber. om&MW' W 6" $0 yards 4l a) with no 4p4aling L'*
Pi .i.hio and Al .LYyal 16 found that %teol fitvri the rc-erieo side. wreas the sa-k thickttessivi o
iiie~r*S#ed the I§aCt eIsJltance Of' Iightwiit pl1 os wO~rite were either penetrated. cracked
cottrte~ by as w,,ch at three times. Vrc i or shd spallirvi;oa the rtvwr-se side. A

4-1/2 inch-thick (115 on) SF*C dow rosiste d all
Sweey [,) has reported imroved resistance, of but W4 caliber (12.7 mm) machine gum ball 6~ion

st"I' fiber reinforced slabs su,4*cted to repeatedi &ntd a 6 inch-thick (150 ov) dm resisted peneotra-
diMD hall tests, Failure in these tests we% de- tiovi k' M caliber ammaition fo~r a limited n,.mber
fined as occuirring only wn a holek wrs pveiched of fir nqgs. The SO caliber &~ Wtoo penetrated
thr,.vgh the slab rather than by shtteiring of the or shattered plain concrete plates 6 to Iimchos
slAti into fraqwts (150 to 175 w) thick with , single io.act,
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Ronwaldi and Raiuy conducted impulsive load- CASE HISTORY - CONTAINM4ENT DOUNREAY REACTOR ROO
1ng tests on concrete beams 4 x 6 A 72 in. long on
a cletr swan of 63 inches (100 x 150 wm x 1.8 m, In 1972, SFUC was used In construction of a
1.6 me spar)(l0]. Teenty beams were tested, all reactor roof at the UKAIA Fast Retor at Dowormay,
with tensile reinforcing bars. Half used plain Scrtland. lecause of space limitations, it ws
concrete and half vsed SFRC with 2! by volume of desired to maintain a ainimma depth for the roof
O.0G6 in. dia, x 0.5 In. (0.15 x 13 wm) long brass- slab. The resulting conventional shear rteinfortce-
coated, cold diawn steel wire fit~e's. Three SFRC ant would hae" boan difficult to locate and fix
beams had no diagonal tension teinforcing (stir- accurately and its uste would have bee uniduly viva
rups;. All other beams had stirrups. A special consuming on the construction program. The solu-
spring-loaded apparatus waL used to impulsively tion as to us* SFIC to replace the conventional
lad the beams at the third points with sufficient 'hear reinforcmnt. The SFIC aix used 180 lbs/
force to cause failure. All dynamic tests were yd' (107 k~as) of 0.020 x 1.57 In. (0.5 x 40 am)
performed with in initial total spring load of deformed fiber in a 6.8 sack mix. A total of 206
14,000 pounds (62,275 newtons). yd' (159 a0) was used.

Typically, the plain beams failed in coq~res- DESIGN AIDS FOR CONTAINMENT OF NUCLEAR STRUCTURES
sion and all load was lost it about 0.025 seconds.
The SFRC beams, however, continued to support the To gnral articles an SFRC for reactor and
load with diminishing oscillations until they spent ful shipping cs eincntuto rstopped at some final residual load. The fiber availabla ril,12]. R nmt [11] proposes a gener-
beams,* even though damaged considerably. ware able al theory for the elasto-plastlc and cracked be-
to maintain their struc~tural integrity. The re- havior of SFAC with reinforcing bars and describes
sidual loads carried by the fiber beams ranged from a general finite element program which predicts
4.900 to 11,900 lbs (21,800 to EJ,000 newtons), crack propagation until failure of the structure.
The -esidual load carrier' by the plain reinforced It also accounts for ther.LJ cycling conditions.
b~eams was zero [10]. Advantages of the SFRC concrete are cited as re-

sisting impact froa brittle failures, increasing
The three SFRC beams witifiout web reinforcing post-cracking load-carrying behavior, high energy

were tested statically and failed in flexure. absorption and improve seismic resistance. The
rather than in shear. An average shear stress of fibers are not used tu replace normal principal
444 psi (3 PWa) was calculated frm the forula reinforcment but are used together with classiccl

i-P/bd from a mximum shear of 8,250 lbs (36,700 reinforcmnt. 1, the process, the safety factor
newtons). Also, In three of the SFRO statically for %.he structure is imroved. In the case of
tested beams, the tensile reinforcing bar broke, anchorage zones in prestressed concrete construc-
an unusual occurrence in concrete beams. This was tion, calculations indicaced that steel fibers in
because 1.: e SFRC concrete in raqression at the the amount of 2.8 volu..e percent are as effective
top of the beam, maintained its integrity instead as the n~ormal bar reinforcement and )rovide a
of crushing, providing a fulcrum around which the stiffer anchorage zone.
reinforcing steel could be continuously strained
to c higner level. Loug and LUhrmann (1?] devis~d and tested a

high density steel fiber reinforced concrete to use
The report concluded that: ~ir radiation shielding in a cask between an inner

liner and outer steel shall. The rcncrete used wlag-
1. Impulsive loading of t',e maagnitude used in, netite. hemeatite, iron granules and steel fibers.

these tests does not cause sudden failure In The purpose of the steel fibers was to aid in resist-
the fiber reinforced beams such as the sudden ing 4amage frum the impact of a possibile accident.
failure observed in plain beams. The concrete weighed 3.99 kg/de3 (250 lbs/ftl3 ) and

had a comoressive strength of 5075 psi (35 Wa).
2. The internal resisting moment is significantly The proportions of the mix and amount of fibers were

greater in the fiber beam, and, therefore, not specified.
permits the be, -i abserb more energy.-- The
beams retain -efcr structural integrity and POTENTIA APPLICATIONS FOR B"AT RESISTkAIXE IN
carry consi1'.rable -~sidual load through a STRUCTURES
relatively large a' ,Aar distortion.

Potential applications of SFRC reinforced
3. lit the event that the fiber concrete does fail structures to protect against blast or explosivts

in comressione, the failure is not sudden but include:
precede by extensive dolormation.

The use of inflation-farmed SFRC domes ifor air-
4. The increased tensile strength of the concrete craft protection or personnel protection.

permtits the use of fiber concrete without Domes of up to 150 ft (45 a) or more in dia-
special shear r 4orcemtent. meter 50 ft (1S m) high and 3 inclws (75 mm)

thick are feasible. In the spherical shell
portioc., only SFRC is required. Reinforcing
steel bars are used around openings and to tie
into the foundation.
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Hardening of missile silos. The blast rt$is- 11. Ramlent, .P., et al., "Steil Fibre Concrete,
tinc of such structures would be enhanced by A Safer Malterial for Reactor Constrction --
the emrgy absorbing capabilities and ductil- A General Thwry for Rupture Prtdiction", TranS
ity of SFRC. actions of the 4th Intertatlorl Conferenre

on Structural Mecanics in Reactor Technology,
Sw uniton storage buildings. The r*duced August IQ77, Vol. H,, paper H 5/4, 12 p.

spalline of SFR would r*dc detonation of
stored explosives by internally-genersted 12. Leuj, R and LUhrmiann, A , "SuitabilIty o0 a
miusiles. Special High Density Concrete as Material for

Soent Fuel Shipping and Storage Casks', Pro-
ceedings of the 6th Internawional Syrposiurn
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SIMULATION OF PRESSURE WAVES AtD THEIR EFFECTS ON LOADED OBJECTS

Part 1: Outlining the Problem, Description of the imulation Device

GUnter Hoffmann
Karsten Beirens

Fraunhcfer-Institat fUr Kurzzeitdynamk, Ernst-Mach-Institut
800 Frelburg, Fed. Rep. Gormpny

4 Abstract
g= Blast waves generated by detonations of HE 1 <: COO" 0%W m ,

or fuel-air-mixtures are characterized by 
2 -- .t ul.t.| .1

their peak pressure and their overpressure IM amWo
phase duration, i.e. by two parameters. But
normally unconfined fuel-air-mixtures will .
deflagrate generating a pressure time his- _
story of a quite different shape. In con- -W _

trast there is a relatively slow pressure
rise up to a peak value followed by a sud-
den decay into a suction phase the minimum t.
value of which is of the order of the over-
pressure peak value. The overall duration
of this pulse is comparatively long. For _

such a pulse there are more than two para- a 1 2 3 t IWQ
meters necessary for a complete description.
Despite the small peak pressure value thise n I.
waves proveI rather dangerous as numerous -- ompf.%,.11
accidents have shown. Therefore it is de- lap S Pao *wpm.. -
sirable to get some insight into the do- (bwI03

structive mechaism of these pulses To be *.
able to de that a specel sIu'ation device ,
was develape which will be described Q

1. Introduction

Blast waves generated ay detonations of HE
(High Explosives) or fuel-air-mixtures as
e.g. FAE (Fuel Air Explosives) are charac- 0
terized by their peak overpressure Ap and
their overpressure phase duration t*. Their 0 1 2 3 ' n tl---
pressure decay with time can be describedby
a FRIEDLANDER-function p-Ap(1-t/t+)e-t/t+ ) i e1
for which only these two parameters are ne-
cessary. The same is valid for the pressure
time history of the detonation d a fuel-ar' I:
mixture as Fig. 1 demonstrates. One gets ve- l.a. .
ry similar pressure pulses -one can say Qz *I, -We ow a
nearly identical ones at appropriate dis-
tances- if the mass of the charge of conden-
sed explosive and fuel-air-mixture are In a
certain relationship. Figure 1.1 shows the
peak ovorpressure of blast waves generated
by a small high exlosive charge -that was 2 1 m tl
in the example 62 g of Composition B- to be
much higher and the overpressure phase du-
ration to be much smaller than that one of tkuh 1.3
an equivalent foel-air-mixturt at the same
relative distance. In this example the fuel-
air-mixture was a stoichiometric ethylene-
air-msixture ;ontaining therefore 62 g of Fig. 1; Pressure Time History ap(t) of
ethylene. If the distances to the hemi- Detonating Condensed Explosive
spheric charges are chosen in such& manner ad Fuel-air-mixture
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that the peak overprussure% are the some, 2. Dutlimimg the Problem
the overpressure phase duration in the -.as* fteei o ih giineeg k
of the ethylene-air-miture is twice the Ifteeino &hgh giineerylk
correspording value of th~e condensed explo- that of a detonator. normally' in uncon-

fined fuel-air-mixture doesn't detonate. it%I** as Fig. 1.2 Illustrate%. but if ti'e dfarat.Tesa.hoes ntecs
mass of the high explosive i& stv times elga s.Te am hipn Int ct
the mass of ethylene in the stoichiometric of ignition failure of FAE. Experiments as
fuvel-air-mixture one gets no significant well as calculations hae shown that the

diffrenes etwmn te pessue tme is- pressur time history of purely deflagra-diffeencg fueloe air presudr aree qhtedifee-
tories -for high explosive this is rastric- tfro thos o d deo are muixtues differc-
ted to the far field of lower pressures- frmtoe fdtnaig ixu s.O ac
generated by Composition S or by the fuel- count of the' quite different combustion
air-mixture as it can be seen in Fi 1 13 process there one finds also quite another
This also can be shown in t~i norma f ied pressure time history. In contrast to the
Lp/R* -diagram and in the .l/RN-diagrem ofdettonation the energy conversion is slow:
Fig. 2. Since this diagra demonstrates of The pressure distortion spreads only with
the overprsssurp distance relations and sound velocity and the overpressure rises
the im pulse distance relations to be almo st aIso slowly to its peak on account of the

idenica fo Comosiion8 an etylee- xpansion of the hot burne.1 %ue-air-uix-idenica fo Copostion0 ad ehylne- ture which compresses the surrounding pureair-mixture in a relatively broad range air. In the near field, out of the cl Cudone can conclude the corresponding preisure boundary, the pressure :ises to 4 value
time histories of the blast waves to be aI- which is estimated not to be higher than
most identical tr'o. as was shown by Fiq.1 .3. about 300 mbars because the flame velocity
Thus as to -the simulation aspect the pres- islmtd ferg covson sfni-
sure time histories can be treated in the islmtd Ife rgcov sonsfnsh
manner, that means in both cases the same ed, i.e. if all reacting gas is burned, the
well-known simulation facilities can be surtounding compressed air flows quickly

used e,9 shok tues.into the cloud like an implosion therefore
used e~g shok tues.outside an underpressure is generated which

equalizes again slowly tu the normal atmos-
phere pressure.

IA This deflagration mechanism results iii a------ 4 I more-perametric pressure time history as it

AP I I Cdwad EswoOweI W J is shown in Fig. 3, diagram 3.1. This curve
L _ I was recorded at experiments (11 witl, small

Ito, b aO W--f%09 9 111% 0"MNo)methane air filledhemispheres. On account
I I Iof the small volume and therefore also low

flame velocity the peak pressure is also
Zob ( very small, 3 mbars are measured; but its

duration is extremely long. From theso~n
I1 ning to the end it takes about 400 a , .e.

'0 t t1- 200 ins. This is very conspicuous in
I comparison with the detonation: a slight

Q5 Q5 rise and a sudden decay to ant underpres-
sure paskand a suction phase w0t a 'ira-

I tion of the same order of that one of ;he
I I overpressure. The corr1spondin?+tim*& are

112.2 n e'ly the same .i e. t *t or - I . resp.
rn~___ - - Calculations which OPPENIICIN (2] had done

for larger oalloons resulted in the same
WORM, fleature of the curve as one can see in di a-

I1ter &p- 100 atbars by nearly the -ape pros--Isure duration. in the same relative distaftce
of r/rN a S. GIESBRECHT et. al.(31 come an

am tiie basis of their experiments and calcvlo-
tionts with bursting vessels to the conclu-

~ ~ sion that i real gas cloud explosion in a
1 2 5 X) ) factory cannot generate a peak pressure

which exceeds the value of about 0.3 bar
and a maximum duration of overpressure of
about 200 ans. That is considered as an up-

Fig. 2: Comparison of Peak Over- per limit and it is obvious that there are
pressure ap and lepulse .ji variations diepeading on the cloud size and

N ~ of a Bleat Mave Generated by slape as woll as on the kind of fuel and
Condensed Explosive atkid Fuel- its concentration distribution. Also It is
air-mixture evident that the deflagration pressure time



history is defined by more than two papa- cially in chemical plants have shown in
naters: e.g. rate of pressure rise, peak the pest and as e.g. some ones mentioned
over- end underpressure, serval durations as in [3] . Therefore It seemed to be dstor-
pressure rise time, pressure changing time, able to get some insight into the destruc-
duration of underpressure. tive mechanism and potential of this aind

of pressure pulses. For this purpose the
pressure time history was very approxi-
mately simplified to a shape shown in

E4bEITii diagram 3.3 of Figure 3. For the further
Ap ,e 0 "

considerations and in the beginning of the
experiments It seemed allowable to reduce

to -the number of characteristic parameters
I":" Pawb I to two as in the case of detonetivelydriv-

en blast waves. In the mentioned idealized
curve the parameters are coupled in such

am t a manner that lp.- ap . in the experiments
Ap -0.6.ep* or'ap -1.3 p respective
and the pressure rise tints es , 4
are each 45 % from the total duration T
and the rest of 10 1 remains for the pros-
sure-changing-time.

An experimental set-up to investigate the
effects of deflagrative pressure waves on

P Cokjoby ewI a I hit structures could consist of non-scaled
610 P4. a. 1.free-field ga! explosions. But there are

some considerable difficulties applying
this method. First of all in order to get
pressure values in the desired range one
would have to handle fuel-air clouds or

0 balloons of up to 50 m diameter. That needs
a lot of space, time end not at last much
safety requirements. The second difficulty
arises from the fact that deflagration is

- a stochastic process due to turbulences
r .*SacwA and distribution of concentration thus

leading to bad reproducibility of the
Sgenerated pressure waves. This would re-

-- u2s 1 quire a g-eat number of tests in order to
-0 get reliable results by means of statstics.

3. Description of the Simulation Device
0jTTo avoil these handicaps a simulator had

5 10 Is 2 T0 to be found and developed which should
permit to approximate the afore-mentioned
idealized deflagrative pulse as accurate

Idedintin: as possible including the possibility of
'P - parameter variations within a broad range.

After- experimenting with a modified shock
I tube, slowly burning gun-powder or a

compressed &I: driven piston in a tube
Ithe solution was found to be a two-chamber-

facility. With the help of Fig. 4 the
construction principle shall be explained:~The simulator consists of a both-and-

- M " closed tuba with constant diameter which
i 1 '4 is separated pressure-tightly by a wall

-with an open squared section in the middle

into two equal-volubic chambers. At the
Fig. 3: Pressure Time History of edges are the supports for the areal (two-

a Deflagratism dimensional) specimen. A measuring girder
contained displacement transducers fixed
also at the specimen. Pressure gages were

These waves proved sometimes rather dager- also mounted in the wal 1of each chamber.
ous too despite of the fact that their peak In the end cover of chamber i is a small
pressure vslues are much smaller than those opening, in that one of chamber 2 a port
of detonations as numerous accidents aspe- of larger dimeter, both closed by a me.-

/ 206



brine. Both tube sections can be filled creases. 'he pressure decay overtakes that
simultaneously with compressed air. one of thie other chamber: In t4e overtaking

moment the point is achieved where the pre
zures are equal to each other; in the dif-
ference pressure time history it means the
passing of the t-&xis and end of simulating
the overpressure part. Off from this me-

rmlw2 ment the force acting direction reverses
until chamber 2 is exiiausted Then the un-
derpressure peak is simulated, but in cham-
ber I pressure decay Is going on, i.e. the
forc e -F in direction to chamber 2 be-
coms slaler until it is 0, when chamber I
Is exhausted.

Thus it Is possible to simulate the effects
of a deflagration wave on an areal struc-
ture by reversing the forces. Considering
the load it is the same as if forces are
acting first from one side then from the
other side or at the sane side changes

AP p- &*W I over- to under-pressure respectively. By
a skilful choice of the port diameters in
the cover plates which can be calculated
by the formula of De Saint-Vena /IWnttl
IN _ 2 g EI(...1) p1V [l-(p)p HOWp(-1ik
and by a convenient adaption f the cham-
ber volumes as well as by coordinat'ng of

F, FF, F the time for opening the membranes lhe
mentioned paraeters could easily be in-
fluenced. By this method there is given
a very good reproducibility.

In the upper part of Fig. 5 is shown the
simplified pressure time history and that
one achieved by the simulation device. The
agreement is very good. In the lower part

- of this figure the deflection of a glass
pat loaded with tni- pressure is plotted.

Fig. 4: Construction Principle of There are three curves: the straight one
a Deflagration Simulator gives the experimentally found deflection,

the dotted one is the result of a linear
At the beginning of the experiment both calculation and the cross-line is that one
chambers are filled up to a pressure which of a non-linear calculation using the equa-
is twice the wanted peak-pressure, i.e. tion
should the peek over- or unoerpriessura
rise up to 10 mbers the filling pressure F d1 . * d2.9 * d
murt be 200 mbars. No bending or deflec- 3

tion forces, which would break the spec- with F KL o
a
' P(t); KL- load factor

men are acting on it. because they are a - side length
balanced: F * F,. At the time t - 0 the of the pane
membrane of chamber I consisting of plastic
or steel sheets is destroyed by a small liE- d 1  K a P(t),ictmg force
charge. Air leaves through the port and d2 - dimpiro constant K-emass factor
likewise pressure decreases. That sens
on the other had the difference pressure d3 - KL R(y) R(y)-restoring

between both chambier rises and a corroe- force

sponding force F, - Pi Is working in the
direction to chamber I deflecting the Signifi ant dlfferenoes between experimont
specimen. If the prosSure in chamber I and calculation are only found in the
arrives at half ef its mximEu valve, i.e. simulated suction phase, because the pros-
the peak overprasswre of the deflogration sure time history in this part was not
pulse (in the example 00 soars), sma- sufficiently to approxiato with a toler-
bram 2 will be epeased. On account of the able effort. The best agreement was found
large epening this clamber empties very in the pressure changing phai, (what also
quickly. therefore til acting force de- was best to ca'culate).
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rimportant for the calculations.

so

r, ,

0

In the beginning of the experimental phase By a s1l variation of the device it is

a smidi simulation et-up was installed a so possible to simulate the blast wvres
wth tubes of 1 a in dlieter. As its work- of a detonation within a certain, a little
ing was successful and on account of scal- bit restricted extent. Chamlber I mUit be
ing effects a bigger one with tubes of minimized to the smallest volume that is

m. i n diameter was built. This one is possie. In an extrem case this may be
shown in Fig. 6. The upp)r picture gives not mre than the volume between the spe-
a view to the chamber with the big d is- cimen and the membrane vaulted by the
charge opening. On account of the avail- compressed air, Fig. 7.
able membrae stes and for better handlingthe orifice contains three openings. The Then rn. finds a very sudden rise of the
lower picture shows the ent -ance door actng force in chambr 2. The rise time
through veich he s~ecimens were brought will take a time of about 3 to S as. That
in and which contains two small discharge is surely mere than the Infinitely steep
ports, rise of a blast wav. But it is accept-

able for a spectasewith a very long dera-A grat advantage of this stlation tin of it s atural mteoe, since then
facility is that the same specaen under there is only7a negligible influence en
the same supporting conditions can he the dyevic behaviour. This ii mostly
la ded statically as et- asdynamcally In found by speciem ith a heavy ass like
the first case it is only mecessary to fill wetlsof nancrete. In ig. 8 t plottd
the chamber 2 very slowly oth copressed the calculated dtsplcem bet of reinforced
air. Thus tt is very eas to compare the nimrdte plates versus time.
dyhnamc and stti c be a our of e speci-
an vwthot chamnge t its position en the The dotted l eb shos that case whoy the
supports. In this ry it is also p ossible pressure rise takes tof 2 . me, the
to ascertain the restrin force wma l chrg straight ise thes th rise is nfinitely

able f
A retydvntgeofthssiultin :111ofit tuelDo~i. ine e



steep, In the upper couple of curves the Fig. 9 shows two pressure time histore:o
reinforcemnt consists of steel bars in In the upper one is shown the sim lation
the lower of laistfber bars. It CIn be of a pressure wove with a very long dura-
seen that the duration of natural motion tion as it may be caused by a nuclear ex-
is more then one order longer than the plosion. This is achieyvd when he membrane
time for the pressure rise. port of chamber 2 remal s closed or if it

Is very small one gets a slight decay since
the compressed air can escape only slowly.

£, The curve below shows a sioulated blest
wave as it .iqht be generated by a canyon
tional weapon. Then a lar" opening will
be necessary in the coverplate. It Is
obviout therefore that the pressure decay
can easily be mapioulated by the width of

ChWw Ch~b, Mmhms the oening.

I eole o Speaimon n

o U)

APg F2 Cosruto Prncp, ofa 5

*Ito
Dotoonation simulator 2

- Fig. 9: Pressure Time Histories at
Exper!moens with a Oetonation
Simulator

Fi;.G: Celcqleted Deflection Time
Nstrlies for Different Prttvre
Rise Time
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SINULATIO% OF PRESSURE WAVES AND THEtR EFFLCTS ON LOADED OBJECTS
Part IL1 Experiments and Calculations- Destruction Curves

Karsten Behrens
GUnter Hoffmann

Fraunhofer-lnstitut fUr Kurzttitdynamik, Ernst-MacN-Instltut
7800 F-'iburg, Fed.Rep. 6ermeany

14 bstract (O mas to t8 mas) of the objects under in.

xPeriments to investigate the response of vestigation at the lower limit and a proxi-
model panes end model brick ells to de mating static loadings at the upper imit
flagrative pressure pulses were carried out 'f the time interval.
in the deflagration simulator described in
Part I of this paper.

Calculations based on a one-degree-of-
freedom oscillator model were compared with
the test results. They led to a set of
curves in the scaled pressure impulseplane U
from which isodamage or destruction curves
were derived for the specific objects under

Investigation. These curves differ from thewell known P-|-curves for objects under
blast load conditions in that the curves P kM IW
for deflagrative loading split up into two U f 4000'ws~vu
branches in the region of small impulses. 'o u "0.,
This is d e to the significant underpres- Fig. 1: Sbecimen of the Nedol Nenry
sure phase of the dof aqrative pulse which S nd of the (P

causes resonance effects iA the response Slab and Comparison 0 Bricks
of the loaded objet>

i. Experiments

Test objects were

- panes of the size SO x So x 0.3 :m'
and t0 x 100 x 0.6 cm' with three
different support conditions at the
edgai (simply supported, clamped by
a metal frame, and fixed by perma-
nently plastic putty)

- masonry walls (131 x 131 x 6 cm') fig. 2: Examples for aesoary in Steel
made of 1:2 scaled model bricks - Skeletons at a Wmorkshep-Mall
(Fig. 1.1) fixed at the edges by
steel u-shaped frames and clasping
devices (Fig. 1.2). These walls should The essential quantities measured during
model a simple structural component an experiment were th* difference pressures
of an industrial building freme shown at the test objects and the defloctions in
in Fig. 2. the middle of the square plates as function

of time (see Fit . 5 ef Part I). In the
The load consisted of approximated static case of static loads the cobinations of
loading. I.e. very slow pressure ri.%es measured pressure time histories with do-
(slope of pressure rise of about 10 bar/s) flection time histo-les -esult In experi-
until rupture occurred end deflagrative mental restoring funct - some examples
loads.The peak overpressure varied from of which are shown In , . 3.
30 abar to 200 mbar in the case of loading
the pan*s and it was always above 230 mbar The curves in diagram 3.1 *ad diagram 3.2
for the !tsonry walls. Total pressure pulse respectively are the functions for small
times were in the range from 10 as up to panes with fixed edges and masonry walls.
750 s thus including the natural periods All of them are nonlinear. The iinessing

M



This means that obviously ronmeacts Noll
occurred.

U.aAoii I tapv "* ~WE

a Imn I * ~~"Vill
la

liz AD

____.!-1___ Fig. 4: Recorded Pressure and Deflection
a 0 z ' Time 14istories of Masonry Sl'lbs

DOW~ (Dynamic Load)

He'. 3: Static Load Deflection Another example for dynamic effects Is
Ewrves of 'e1ass Posts and illustrated in Fig. 4. Diagram 4,1 re-

Matony Sl~s rsents the pressure tivis kistory of the
%a~d while diagrat 4.? shows the correspon-

slopit in the rate of the panes it dwe to !indflectlon time history of a sea.onry
stombrane streixe*s at lar I jel:t s alhr is a lefinite delay betweth
The scatter in tih -. pes of the curves 's ples$Yrt maXisum (minimum) and deflection
ans effect cf not co-pletely repr-iuciole maximum (3inim.A) Whsich is caused b the
clospinj of th6 Panes - it is significantly inertia of the Well. The winim da alct ion
reduced when t A 'sd~es art only simply Is about 6 tlmot larger than the 86x0401
supported, ilut Of co,'-Fse there is itili a Aeflortlon wn'ile the relattop of pressure
consi4arable statt.r )f about 25 % ill the minietim to presavre maximum is aboot 1.3,1
rtsitsllce to rupture o' th., part%. Dib-
gram 3.2 shows the mt:onry vals to be The wall was not dest-cyid though tom"
aloost linger cas!tic at %mail eiin cracks had forimed. These cracks having a
and plastic at laiqt- lefloctiolii. Scatter width of some tenth's of millimeter! and
)s essentiallydii( 9*) icatte, im tlhe mate- therefore being jloured by black ink for
rial properties. The rettori-cV functiQsis visual 4zation purposes are shown in Fig. 5

wart needed for the calculaian of the b ,- At the front side there are the typical
low-mentionte destruction curves. diagonal cracks and at the rear the cracks

are perillel to the edges. In this context
the front side of the well is that side oh~

I" the case of short deflagrative loading which the overpressure acts at the bepin-
dynamic effect% could be observed. To give sing of the iressure pulse. which maao

a1n example it should be ationed that in "he walI IIn Fig. S being bent away from the
certain cases of deflegrative leding of chamber I during the overpressure phase
the small panes rupture occurred in the and being bent tcwards the chamber 2 dur ing
vnder retsur. phase at pr-ssures of &ppexi. the vndelrpreinwre phase. Keeping this in
Imatoly -S4 abar and deflections of -8 mm . mind one can conclude from Fig. S that the
Peak overpressure, and the corresponding cracks must hawlt formed as a result of the

10aximum deflections tire .83 mb&r and .7mm uinderpressure Phase which is plausible
respectively. Pressure pulse durations considering the deflections of Fig. 4.
were 100 ms and 77 as. The times it took
to change from peak overpressure to peak Finally Fig. 6 gives in Illustration of a
underprosswre was 10 % of the isalse dura- destroyed pane, and a destroyed masonry
ticn &ad thereore It was in the range of wall. For these objects destruction was
th& natural period of the pane s ( 10 ans). dWised as complete frAgmentioft, which



equation damping it omittej.

0' Aull RM r a-rlFco77 -,

Fl.1 Simplified Nodel for
Calculation

Fig, S: Formation of Cracks by

Dynamic Pressure-Loading I..
*atb self-evident In' the Cest of the ~1
ttl@ pants but which may be differently Ji./

defined for other objects deptodirig anI

"their Purpose, e.q. cracks may be toler- I- -

able Co nsidering the stability of a shelter --

but they are not acceptable if gas tight-
ness is of interest.

WI40

Fig. 6: Oestroyed Specimeis Fig. 8: Deflection Pixiea 0&~ the
1. period of Oscillation

2. calculations The reasoses for neglecting' daping are dis-
structura dynamics cossed extenasively by laker ea 7

It i wel kownfro Equating the work dome boy the external
that a onte-degree-of-freedom system can fte ~ iei n h oeta n
be used to describe the gross bthaviovr orgy 6 the model and the real system
of simple structural elements suca at 1

plats wth ijffciet ac~nuy. ~nsder respectively yields transformation factorsoltwihsfmoiont ci'c~olie for the mass al retoring farce N' and
the equation ontinexternal force*F' of the Physical system

sx # at(x) - F(t) such that the folIlowing relations hold (SI.

vhore x is the displacement of the mass a. a a * svItaKLAl F aKL F
2 is the acceleration, A(x% is a restoring LR.F*KF
force and F(t) Is the time-depenident ox- With respeat to the previously shown re-
ternal force acting on the sess a. In this sistance, functions of the masonry walls



the rottorinv force N# is epprok'-Gtod by tioneol) to tie displacement curves the
the srctamn Umction.: broken imss represent curvet with dif-

ferent constant oultiples of the normal-
* *~teg9lied elastic displace..'tt I at pora-

metr dpiniio o so fig. 7.Sine Q* ~ /P n No . i one
ati the external force F6 It &%%wood to be gent :A1./111 a is"
the simplified deflegrstive pUllit (lot In the oeeriments with assonry Valli the

Fig. 7.Slebs wetro fregmented at Oef bti ons ap-
sProxab'cv as 1 arqq as the wef I thickness

Applying the following tranisformations II . This corresponds to 20 to 30 timet the
elastic displecesent £, O the Wall%.

I L k Fig. S illustrate% therl corresponding *I-
Wt it tt I o periaertal points to be in viriflityof the

r ITr'1 frcedashed curve with parameter 30
IF-frc Fig. 9 thowt the curvet in afu tin

0 of the normalized pulse duration with
di~~~~ &1a~met ~ a parameter.

one finally 9itts the nonlinear dimenation-
les second order differential equation i.

S -arrtan ~ j)*fc

This equation is In the limit for Q-0 a U
linear aquation since

lie . a~ rctsm j '
0-0

Hence for smallI Q i t should approximate the
response of the above-wentioned panes the
rtsistanc@ function% of which did not de-
viate too much from linear funictions.

Solving t equation by numerical methods 5
(4th order 4UNGf KUTTA-miethod, Initial
conditions I V C0 for a certain normal-
iied pulse o' 0* f (I) the duration of
which is 7 oft oscillating displacement a
as a function of the time I is obtained.

(#iy the first period of this oscillation -

is of interest since actwally damping will
attenuate the deflections of physics a
structures in later cycles,. co one can fig. 9: Deflection Minimwa in the
considor the maximum displa'. -At I end 1. Period of Oscillation
the minimum displacemenit E min , both~~t~
en from the first period of oscilla- According to those curves siwnificant
ticoi as the quantities which are essential resonances should occur. The ncoaliced
for the reisponse and the eventual failure test values for the deIstroyed masonry walls
of a structure. are In the reage of Is to U 5 times the

elastic displacemenat, that is, in the ap-
Performing the cg4 ltosfo.ifrn proxi note rang of wall thickneiss. Follow-
pulse durationis tin obtains I~ eaxnd ing the procedures described in III) one
I mi s functioas of T with 0411/00 cant use the normaolized diagrams of Fli. I

a s aS peframeter I&I . Fij a shows or I to calculate dimteasionles (P_-
a plot of the funactigo The normal'- diagrams. Since, tue total impulse of the
lizee deflecti~n function for Q-0.2 is assumd simplified deflagratiwe pulse Is
almost i4eatical with the curve, for a Vaul to Zero one cc?Nsider the impulse
Iliner resterina force. A comparison of of the posi~tive:h phase Ithch together
the calculatied L.flections for $Sall Q with the peat force completely cha racter-
with the experimental points for the panes lies thii deflagretiwespwlse.
shows a relatively good agrteeent. Addi- Using the foll owing -e &ticn%



pressure phase and overpressure phase
2 should be of the $&me magnItudo according

p*r2L...*__ fojr the Peak furco to the assumptions. It may even be doubted
A Oak 0that thorit ealt reflected deflagrative

pressure pulses having a peatp1ressuvre
and Valve close to one bar and It Il beig

symeetric. Tile deflagrative cloud expovi-
ants known to the authors which ore

~ ..2-. for the positive impulse essentially small state emperimmnts give
no indice al:: on f p at prestore values
abov* 300 abr (6 aSSUECT at. a0.) :if

A A.

-- -' $

In0 ID 16, ID

ft: Efi: 'W*1 VIfe

2- .fig. It: Oestructisn Curve for a

fit.. to. P41-Diagram for the Load of the Masonry wall

One-egre-* -reeom Ocilltor fig. li clearly illustrate% the effects of

o ne obtains the curves of Fig. 10 which is the qnderpressure phase on the loaded ob-
mply a somewhat different presentation jec'.. There is a region of resonances be--

of the curves of Fig. 6. -twao the two renches of the estructtoon
rourv* fn which defIlgrative pulses should

Finally one can raplot the frieentatien destroy the walls (objects) by their unde,-
curve introducing the physical parameters pressurea phasa but not by the overpressure
of the walls to obtain the dimensional loading. For reasons of comaisna hr
P-I-representation of the curve shown io curve based ont the calqvu atons of H4AYR-
F'g. it. It must be noted that the preq!- "OFER and THOR 1101 for blest loaded *Its-
lures and impulses of this diagram a-o the tic-plastic objects is plotted in Fig. 11.
quantities acting on the wall which~ means In the static loading rag the effects
that they are normally reflected pressures of a blest wave .nd a def1agratives wave of
and topeI so%. Assuming reflection factors the same reflected peak overpressure and
of 2 for both quantities as In the acoustic the san* reflected positive impulse are
limit cf blast waves one, could easily get equal. Is the range where resonance to
the cerrespondin P-I-diajram for the fact.- deflaglrative loading occurs the de flagra-
dent waves. The dashed pert of the curvcs tive wave imay destroy the objects white
IndizAtas that tis range of the solution the blast wave does not.
is of no physical Meaning since under-
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I A I_________ Finally one can .Combine the drittryction
Ilacurve of the P.:.dia ,rae %ith the over-

-nCAU*A~.i prelivro-diltarice re at1ioft for oiploding
MI D~sailiceIo ,'clouds. Since there are only a fow saperi-

toocloud s ent% on a small scale basis vi th deflogro.
ting clouds and since therefore the pro%,-
lurs and impulas distance relatitons are not
real ly Or fn for deflagriting c lot'is at *
first approach to the problem the corro-

.4~ go 4 ~ soding relations calculated by OPPINEI

speed of 20 an/% and reflect ion factor% of
I,2 the stral ht line% to Flg. 12 repreisot

the OPPENftIIC ressurts-lpserattn
lap for cons"Int c oud radi i and constant

distance respectively. Roflecled presswres
q and impulses above 3nd to the right of the

destruction curvt will rupture the will

Ica. rdius nd atwhich distanCe fr a t he Ccoud

/ RimIAnother representation for destruction
Is ~curves was developed by SCHARIMI it; fo r

numerous blest loaded objects. Again basedv Z Z nn OPPCNI4CIN't ;21 calculations for do-T flagreting clouds and *%%uoing the flout
speed to be iG an/% a% above onet got% in
triis kind of repretientation the destruction

tw T I Pol turvos of Fig. 13. Pressures ind impulses
Iin this diagram are the iln~ident quantitiets

wkircdswm.lef I'tobra end the destruction curves iv.i iodnes and
wall% are derived fo the cerresponding
P-I-diagamis assuming reflection factors

Fig. 12: Destruction Curve for Masonry of 2.
Walls and P1-I-Rtelation for 0io-
flagrating Clouds 121. Fla**meo~"

speod 10 1- , .A. N i. 1 a...

:A-ek - w, ~ ra A .1a. Wri too, oaq S A .#%

~,w4SqE~bmw i~ a Sbow co..-a" ves e
1~1 Newq~ b t iws1tv of "Ia .

I tfr~it 5S"th7 I~ 11P14oS ih 111t
-~(**"* *~to% UaIhI (15111I

to..S . ft %..t C P. Je

vaf to-.a . 01".0 a I, I

ISSr T 'J T I II)

acorn (; a I ~ eter-toI Co h

Va~fg.e be% apstucio lotommoo i iI" aOvepresur sitanc Relationsves Most*
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RlSPONIK Or STIVCTqtlIS TO DRTOMATiTOS IN SAND

im Bengt K /retblad

Royal Swedish Fortifications Administration, Eskiltuna, Sweden

AVe The behaviour of walls with different elses and
different designs for different values of these

'tests made at RSFA hay. .no,. how the pressure on parameters ire studied.
the wall of a strucuvtr from detonations of ex-
plosives in sand depends not only on the explosive i. basic parameter& irt jencing the structural
,nd its distance to the wall but also on the pro- behaviour of a vil exposed to a dynamic load are
parties of the vail (e g maaw and stiffness). The its masS and stiffness.
paper gives data from these tests and a duggeeted
procedure for design of wells in buried structures To facilitate a study of these parameters a test
exposed to detonations effects. The proc-dure is device according to figure 2 yes designed where the
based on an energy-absorption concept. mass and stiffness of the front could be varied

independently, The front consisted of a 0.34 a dia-
SACK OUND meter circular disc supported by e horisontal

movable axis on ball bearinF and by a helical
Many data on shock waves in sand generated by spring all vithin a 295 kg 18 u long steel cylin-
explosives can be found in literature. Most of der.
these however are freefield date of limited value
to the engineer to design structures in send to The mass of thc disc was varied from 5.2 to 105 kg
withstand the effects of detonations, and springs vere used with sprilngconstants ranging

from 0.1 to 1.2 M/m,
Some sources e g /I/ and /21 give peakpressure and
impulse densit7 on an infinitely rigid wall. A The pressure against the disc and its acceleration,
pressure increase factor of 2.0 and an impulse velocity end displacement were measured.
increase factor of 2.6 are suggested relative to
the corresponding freefteld volues. The pressure measured on the disc Ia then compared

with the inertial pressure and the prersure

Ordinary structures are more or less compliant corresponding to the spring force.
when expohed to loads. This is true also for
hardened structures. In order to get a better The inertial pressure can be calculated Zron the
understandirp of the effects on different struc- measured acceleration using Newton 2nd law of
tures from explosives in sand a research program motion. The spting force is equal to masured de-
was started at the %SFA a couple of years ago. flection multiplied by the spring constant.
Responsible for this program is Steffan A RulItgren.
Results have been published in /3/ end /4i. A comparison between these three pressure components

is given for different msken in figure 3. Mass ard
PROBLEK AND TEST DEVICI stiffness both contribute to the pressure. hile

the inertia forces develop momentarily the forces
The problem can be identified from figure 1. A fr-m the spring develop as the deflection incrcases.
rigidly supported wall is exposed to a detonating
cherge,Q , at a distance, r, and with a depth of Conclusively more usas constitutes a shorter rise-
burial, e time for the pressure.

It should be pointed out, that the duration of the
pressure indicate& that not only the mass of the

sand "dis but also Farts of the mass of sand between
the chaw*e snd the wall contribute to the structural
behaviour.

r _ From figure I to clear, that the pressure i de-
pendant on the properties of the well and Aldo that
the duration of the pressuce exceeds by far the

SFigure 1. Conce-. fundamental period of the wall. Neither the pressure
nor the impulse is therefor well suited for design



purpoes. For this reason an aeiargv-concept hog
been adopted,

wa~tt ww Im~ eEwmW I TV W NTm

Hot"t~ 2.' Thur dcvi

pp alti

200M
5.2k

Ro -w !vv*m

Fiur 2. Test tei

24.7 kg

l-

Figure 3. Wdall pressure camponents. Wdall stiffnae -0.5 NXIM,
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WALL TESTS

The nititel test sertes with the device in fiBure 2 Table I gives data for the concrete walls teted.

Ve: followed by tets where volts supported along It also gives the specific snargy, Re, calculated

the four edges were examined. Concrete 116 in using the averaging factor . le in given as a

scale eol, and in full scale with different function of the specific distance in figure 5. The

thicknesses and different amounts of reinforcement eqnation for the straight line ist

were tested. Absorbed energy by the vail-slab when

deforming was calculated according to yield-line - 5.53

t h e o r y . A s t r a i g h t l i n e f i t t o c a l c u l a t e d v a l u e s sa ( -Q ) 1 3 4 0 ( r / Q
1 

3 ) " x / ( M 2"k 
1 1 3

gives the specific energy per unit are of the

slab to

E /Q 
1/3  

1040 (r/Q 
1/ 3  ) 

. /(U g 1 Two of the Leeta ver made in coupacted send while

the other were ide in loose sand. This difference

in compaction did not live any significant diffe-

The idealised deformation of the slab is shown in rences in the test results.

figure 4. The formula for Ua shows, that the

distoncr, r, is highly significant for the energy.

This %eans also that the energy density is un-

qvenly spread over the ilab. The parts of the slab

near the supports are more remote from the charge

than the midpoint Conclusively they will be ex-

posed to a loemr density. The specific energy can

be averaged over the slab by integrations in an

iterative procedure giving a factor

Figure 4. Slab with yield lines. Elevation and sections.

1/3 Reinf /3
r Q r/Q. I h ratio x Compac- Ia/q Q,
a kg a W1 M tion I ot (

2  
kal/3)

1.26 1 1.26 0.73 0.04 0.94 12 - 0.33

1.00 1 1.00 " " W 39 - 1.16

0 .7 9 0 .5 1 .0 0 " " 3 7 - 1 .6 5

0.59 0.2 1.00 " " 24 - 1.87

1.26 2 1.00 .. - 1.25

1.00 1 1.00 " " 42 1.28

2.15 10 1.00 1.6 0.13 0.54 56 1.76

1.00 " " 1 54 yes 1.76

" 1.00 " 1.0 29 - 1.76

1.70 " 0.79 " 67 4.92

2.71 1.26 " 0.54 16 0.45

1.70 " 0.79 .28 0.54 34 5.27
1. S" 42 Yes 6.50

1 .3 6 0 .6 3 ' 1 .0 4 4 - 1 8 .6

2 .15 " 1 .00 0 .13 0 .30 128 2 .20

Table 1. eta for the tested conrete walls.
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Figure 5. Specific energy vs specific distance for vails tePted.

The equation for e can be used for design purposes. COOCLUSIONS
With the energy transmitted to the vall fraw the

detonation calculated vith this equation the design the tests performed on concrete wells axposed to
engineer then has to find dimansicns of the vail effects from detonating charges in send support

and reinforcement in it so that this energy can be the use of the snergy.aboorption concep, outlined
absorbed vithout deforlations exceeding permitted in the report, for deaign purposes.
values.

The equation so far is based on data vithin the

interval 0.63 to 1.26 for the *pecific diltance,
r/Q

1 / 3 , 
and with the cheiga on the axis of oyitUetry

of the well.
/I/ Schell, 1, 6ber Druckwellen bet Sprngunxen

In order to check the foaula outside these limita- Sand mad sandiget Soden. IFoel Raft, p-
7
6.

tions some war* tests have been psrforeed. In these Hai 1940.

tests the shape of the deformed aell is analysed /2/ Effects of Impact and 3.ploslon. - Summary
using p%otogrometric mathods. Pigure 6 show as Technical Report nf the National Defensa
as example a plot of the deformed shape of a slob Research C¢ittee. Washington D.C., 1946.
after tot, The measured deflections can be used

for a more sophstcated calculaLion of the energy- 13/ Uultgran, 3 4, Reponse of buried Model Struc-

absorption in the well thaa with the model in tures to Suried TrT-Itplosiona in Sccnd. Proc

figure 4. 6th Internetional tyupooium on Military Ap tl-

cations of Sla itme4lation. r'eors,1979.

Preliminary results from these teste support the /4/ lultgrenS A, Reopoee of Reinforced Concretu
using of the eqiaetion for go for desip purposes. Walls to buried Itsloetona it Send. Proc 7h

Internatioaal Symposi on Military Applica-
tione of Vlas Simlation, Ned!cin Nt, 181.
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EFFECTS CF &ARE AND CASED EXPL.OSIVES CRAPGES
ON REINFORCED CONCRETE WALLS

Nansjldrg Hader

I~m9Ernst' Basler & Partners
Consulting Engineers

8029 Zurich / Switzerland

ABSTRACT of the stored ammunition.

4Ths paper represerts a summry of an extensive in- As another example, a safety problem within ai am
vestigation cocerning the local effects of bare muition factory can be imntliottd, This was, in
and cased explosives charges on reinforced con- fact, the actual problem which stimjlaWe our in-
crete wlls. The investigation includes a litera- vestigatlon (Figure 2). The question %as whether or
ture search as well as several tes series. As a not a dividing wallI, designed to withstand an uft-
main result. charts for the prediction and comperi- cased charge of 10 kg of TNT, could protect a work-
son of the effects of bare and cased explosives shop place fro a detonating HE grenade of calibre
charges are developed. 155 -m containing 6.8 kg of explosives.

The most important conclusion is that cased char- Some data referring to these problemts can bq found
ges result in perforationt of reinxforcewd concrete in various handbooks and in the literature. Infor-
bial at distances iW to tAx :s,,e& taper than bare mation, however, as to which cases are really re-
charges of the sam weight. Vice versa, given the ferred to, is generally rather poor. In particular,
charqz weight and the distance. the wall thickness it is not possible to make a distinct comarison
required to avoid perforation is up to three tins betwee the effects of bare and cased charges. On
larger for cased charges than it is for uncased the other hand, it wai clear to us frta a few ear-
charges. Hence, It becomes evident that simulating lier tests that casing does affect the resulting
local effects of weapons with bare charges - as of- damage significantly.
ten done for practical resons - my lead to consi-
derable underestimation of the actual effects. With the purpose of improving our knowledge con-

cerning this problee. an investigation was perform-

1. INRODUCIONed, including the following three steps:

- Existing data were gathered from earlier tests
In this paper the damage to reinforced concrete and fror literature. A numer of 87 tests was
slabs from bare explosives charges and weapons de- evaluated with respect to information regarding
tonating at or near such slabs is discussed, this problem.

Is tis tpic til of uch *Urst a to ive- Three comlementary test series includingj a to-

rise to a detailed investigation? The need for re- foro a 6 sytestsc vrtodcn o ererst.alo
liable data on the effects of explosives charges frassetcvraino aaees
and weapon detonating close to walls is not ne-i. - Design charts, both for bare charges vAd cae
However, it becomes of imediate interest In cmn- charges, have been developed and comared to
nection with some actial defense and safety pro- each other. Hreover, an extensive collection of
blems. photogreghi. has been pub] ished. This might give

As a ex~lea sallfreestadin mniionme- a better insight into the actual pheaamn than
As i exmpl. aammll res:t~ningaimumiionma- any theoretical modal.

gazine Is shown in Figlm 1. The ammuition stored
therein might explode or otherwise be deged by a As the out ipoirtant coaclusion it has bee recog-
hostile atta..k. In the cours of analyzing survive- nized that cased charges can rrodace perfcration

b ility chances the probabl circular error (CEP) of reinforced cuirets wells. if detonating at dis-
) of the relevant weapos has to be compared wr'th the tmnces of up to ten tives lalger I'~m the well than

size of the target area. But the virtual target uncased charges of the same weight. In the case of
ara strongly depands on the distance to the build- the sbove-mantioned ejaition magazine, the dis-
ing at which a detonating grenade or b* can de- tence frox which a projectile or bomb detonating
stroy the wall and possibly initiate a detonation above groundcan destroy an outer wll, determines



the size of the virtual target are. Thus, it is Using all 133 test% as data base, the vraiqo
essential to realize the big difference in the des- the following pDrameairs has ivsgae:
tructive range of bare and cased charges, ieo xlsvscag;frepoie t
In t-caeof the aividing walli in an ~jition than TNT, the TNT-equivalent for corresponding

fatrthe wll designed to withstand 10 kg of pa vrrsuehsb sd
uncezed TNT proved to be inadeqat, for the 155in -CagwehtM oalegtrtofrcsd
HE grenade. The greadt representing a casvd charge chre
of only 6.8 kg of cxplosives required a wall thick- C~P
ness of more than twice as much. - %spe of charge

- Ditnefmcne fcharge to slab surface
2, DEFINITION OF MAGE CATEGORIES - Thickness of concrete slab

Damages on a reinforced concrete wall from near-by - Plinforceornt U (weight pe volume)
explosion may vary from minor cracks up to com- - Concrete compression strength
plate perforation. figure 3 shows a overview of
characteristic damages. For the assessment of th - Damg category 0. A or B
protection provided by a wall . dam p effects at I opeo etadtoa aaeeshvits back are most relevant. Three damage catoeries ben aicnveotiatsuc adiitial parametr hfae -
have been defined for the, evaluation of the tests debris. their travel distance and mass. Further-

and oher ata:more, data from 12 earlier tests with bombs apd
Du*Catgr 0. No relevant damage at the back grenades located at the wall surface bolow ground

Damage Category A: "odrate up to heavy &palling 7 .tW c~g)h"bo nldd
at the back

Damage Category B: Comlete, open perforation 5. RESULTS OF THlE INVESTIGATION

These categories are rather wide and do not repro- The previously mentioiied tusts have been evaluated
sen a opistcatd ystm.but this grouping fa- systematically and design charts have been deve-

cilitrtei the placing o the observed individual loped showing wall thickness versus scaled distance
damages in the groups choselvs. Ty*o mg e~ for the differet damge categories. It was found
categories allow to d4w conclusions with respect that limited variationof cotcrato strength, rein-

to te ktaliy ofpe'ons xpoed bhin a wll, forcewet and charqe to total weiqht ratio fir co-
o for %alt e on f pronaatione bein a al. d charges did not strongly affect the results.
nition. Miace such cons Ideretions usually have to But the observed damage wks considerably more so-
be based on pragmatic &;proachas, a more detailed reweterinocmnofhecneaws
classification of the dlmago categories would not less thap a threshold value of about 50 kg/mn. On
be useful, the other hand. the extent of damage attenuated for

cased charges if the weiqht of the casing was less
than 4d 11 of the total weight.

~. C~~I0 ~ " ~ ~In Table 4 the parameter limits for the succeeding
design Catargie.Selecting data from Wets
which me hs iisallows to obtain clear re-
suits.

solda tilalvas 4 1toe hc
tva oat it ttv of slb Figure 5 show the design chart for bare explotives

- charges. In this chart the two axes are the scaled
wall thickness and the scaled distance of the

00 ts: 31 6.613- 4o ks 8-1 a 6.1 *e.4 a charge fro the wall respectively. The lower line
represents the tiathold betwen perforation and

*.o,. . a -m ni is s-i.to. e.os- t.v spelling. TMn upper line correspondingly represenits
for minor damag. The two threshold lines ors pa-
rellell In this log/log-plot, i.e. they are separat-

wIm ts:s 15 4.3 -§.K i 1-1. 4.1 -e.4a ad by a cowstant fartor. hogarding the wall thick-
ff" 1 0. ftek $-as 0.1 -1.1 0 ness. the factor between the beginiing of perfora-

I I tion and spelling at the back is always two for
__________ ________bare Charges.
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between the different damage categories is again
quite sharp. There is one particular data-point
from in older test witl, SO kg bos show, which
does not fit into I" category. At a scaled dis-
tance of 1.5 i1k 9l

1 only minor damage wat report-
ad. %ser*4 the chart indicates that spolling or
perforation should occur. Next to this point, at a
scaled distance of about 1,6 m/kgl/ 3 a test with a
heavily cased 105 m HE projectile produced perfo-
ration slightly above the threshold line. The sna-
lysil of the test has led to the cofc~ation 0,t
damage to reinforced concrete wells from cased
chasW is dominated by the impict of freqw~s,
particularly at large scaled distamcs. Of course,
the ratio of net explosives charge weight to total
weight is important for the damage of light cited
charges In the transition range between bare ard
cased charges. This parameter his not been studied
in more detail yet.

All data shown in Figure 6 are baseO "s tests with
r'om-taqse grenades and bos. A comparison with
I~tta from taasd cased charges shows good agreement
-sr wtipons which hhve contact with tha exposed

wall. Taming his, therefore, ony little effect on
the dmge produjced by' cased charges with wall con-
tact.

In iqurt 7 the damaging effects of bare and cased
charges art cowered. For a given wall thickness,
the distance required to avoid perforation is four
to tan tlis larger for cased charges than it is
for uncastd charges of th~e &am explosive weight.
Vice versa, given the charge weight and the dis-
t'-a, Use wall thickness required to avoid perfo-

r 4 is up to three times larger for Case then
fr UseseW Charges. Hence, it beCoM evident that

'wvilatirog local effects of niapons with bare char-
.- as often doft in tests for prattical reasons

v ay lead to a considerable underestiattion of the
actual effects, Figure S gives a visual impression
0' the damge prodiacad by two different types of
charges placed at the sun distance free a rain-
forted wall.

This investigation wai spofsortd by the Defense
Techivlogy and Procurmnt &roup, TA 6, of the
Swiss Federal Department of Defense. The results
including kiarout pictures from tests art pub-
lished In the fo1lloing reports which are available
"Mo reqUmst:

It wenoan, Ernst USar I Partners, 8 922.10.
. &gruppe fUr ftstoaspdiensta. TA 6: 'Spreegwrsu-

che an ktonplattem'. Ernst Sasler & Partners,
a 3113-1. a" 1961

- Grsope fUr histw'sgsdienste, TA 6: 'Lokal* SOha-

dertirkgen A Setorsplatten durch Sprengladun-

,en% Ernst Sasier IPartners, B 3113.10-1,
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10 kq TNT
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155 mm
Figure 1: Asseiiumnt of target-aes for above. HE Proscl

ground building for different daiage
categories as a basii for estima ting
the probability of survival for a
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Before Test After Test

94M chsrg 10 kg TOY
Ditantef~ r a 0.5 a

"alI Thick"%%s t * 03 a Sack of exposed vel I ski' minor cracks

Cagd h" g 15.5 cm (6.85 kg TNT)
Distance r a0.5 a

Well Thicknesi t 0.3 a Expcied wal 1 completely destroyed

Figur* 8: Vlsual Cqtpardsotk of the effqts of bart sod cased chargqs
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Fig 2a Test Nd - outside damage Fig 2b Test Not inside damage

Fij 3a Test NrG2 -outside darnage Fig 3b Test No? - inside damage

Fig 4a. Test No 3 -outside damage Fig 4t, Test Nc3 i nsii!. !3~ma.ge
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F v.i 1) . St N- L - -uti. .trtp.t St T -r N,.4 - ir~.11TV~

Fig 6a Test NoS outside damage Figflb Test NoS - inside damage

Fig 7a Test No6 - outside dos"g F4~ Te lst M66 - inside damage
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